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lon-selective membrane technology is a key for accurately measuring specific ions in different solutions. A

study on Al*

ion selective electrodes (ISEs) based on polyurethane (PU) membranes using an active
substance, ie., 1,10-phenanthroline, was successfully conducted. The results showed the highest
sensitivity and linear range with a PU membrane composition of castor oil, toluene diisocyanate, 1,10-
phenanthroline, and acetone in the ratio of 37.80:18.90:43.20:0.10 (%w/w) and internal solution
composition 0.1:0.1 (M) of KCl and AlUNO3)s Fourier transform infrared (FTIR) analysis indicated the
presence of urethane bonds at a wavenumber of 3390 cm™*. 1,10-Phenanthroline aromatic C=C and
C-N functional group peaks appeared at wavenumbers of 1600 cm™ and 1325 cm™, respectively. X-ray
diffraction (XRD) characterization suggested a decrease in the degree of crystallinity of PU, PU/Phen
membranes, and PU/Phen/Al. Scanning electron microscopy (SEM) analysis showed that the PU/Phen/Al
membrane had a homogeneous dense outer layer and tended to be porous in the inner layer, and the
AP* ISE system showed an average sensitivity, linear range, and detection limit of 19.94 + 0.26 mV/
decade, 1071°-107™* M (R? = 0.998), and 5.17 x 1072 M, respectively. Furthermore, the ISE had
a response time of 180 s, was stable in the pH range of 6-8 and allowed 33 days of use without any
interference from foreign ions. The recovery was in the range of 99.21-101.57%. Therefore, the prepared
PU/Phen/Al membrane is promising for ISE sensors, especially for the detection of Al** ions.
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negative impacts. Until now, several methods have been used to
detect Al, such as atomic absorption spectroscopy (AAS), X-ray
fluorescence (XRF), and inductively coupled plasma mass
spectrometry (ICP-MS).>* However, these instruments are
expensive and require trained operators.

Introduction

Aluminum (Al) is a significant environmental pollutant due to
the disposal activities associated with metal coating industries.
Exposure to Al metal at high concentrations over a prolonged

period can cause poisoning, allergies, and metabolic disorders
in human." Therefore, it is critical to develop an accurate, fast,
simple, and cheap detection system to mitigate these ongoing
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Current developments in analytical techniques have shifted
towards simpler methods with higher accuracy. One such
recently developed technique is potentiometry which uses ion-
selective electrodes (ISEs) and ion-selective field-effect transis-
tors (ISFETs) selectively target ions in samples.*® These poten-
tiometric devices can be used for portable measurement” and
have been applied to analyze industrial, medical, and environ-
mental samples.?

The membrane's selectivity is determined by the active
substance's affinity for the target analyte to selectively recognize
and bind the analyte. Various membranes have been reported
as matrices, for example, polyvinyl chloride (PVC).>*® Several
A" ISEs based on PVC membranes have been reported using
active ingredients such as tetradentate Schiff bases,' neutral
carrier morin,** 5,10,15,20-tetrakis(p-chlorophenyl)porphyrin,**
and 12-crown-4 as an ionophore.** However, PVC membranes
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have disadvantages, including their rigid nature and the need
for plasticizers and lipophilic salts to make them plastic and
charged.”

The membrane is crucial for ISE construction because it
serves as a binding matrix for active substances to produce
a selective membrane. Polyurethane (PU) membranes are
known for their excellent mechanical strength and unique
chemical properties.'**® The available NH and C=O0 functional
groups provide a negative membrane characteristic,"” and
therefore, PU membranes can act as cation-selective
membranes. Due to their intrinsic flexibility, PU membranes
obviate the need for external plasticizers or lipophilic additives,
which are typically employed to enhance membrane pliability.
Some works have reported the use of PU membranes as an ion-
selective sensor matrix.>***

Several researchers reported ISE construction based on PU
membranes modified with 1,10-phenanthroline to produce ion-
selective membranes for detecting Cr*" ions® and Pb*" ions.”*
In this study, a PU membrane was modified using the 1,10-
phenanthroline compound with a lone pair of electrons,*
which formed a complex with AI** metal ions. The ISE featured
an asymmetrical membrane and used an internal solution, with
the 1,10-phenanthroline compound known for its ability to
form complexes with other metal ions. The internal solution of
the ISE working system could stabilize the electrode and
enhance the selectivity towards Al** ions.

Experimental methods
Materials

Materials used in this research included 1,10-phenanthroline,
Pb(NO3),, acetone, toluene diisocyanate (TDI), KCl, FeCls,
NaNO;, Cr(NO,);, CuSO,, ZnS0,, Cd(NO;),, Ni(NO;),, Co(NO;),,
Mg(NO3),, KNO3, Fe(NO3)3, FeClz, CH;COOLI, and a Ag wire. All
the aforementioned chemicals were purchased from Merck in
analytical grade quality. Commercial castor oil (Ricinus
communis L.) was procured from PT. Rudang Jaya (Medan,
Indonesia) in industrial grade quality and agar was purchased
from trademark Akos.

Instruments

Instruments for the prepared membranes characterizations
were a scanning electron microscope (SEM) with the serial
name JEOL JSM 6360 LA (Tokyo, Japan), an X-ray diffractometer
(XRD) (Shimadzu XRD-700 Series, Kyoto, Japan), a Fourier
transform infrared (FT-IR) spectrometer (Shimadzu Prestige,
Kyoto, Japan), and a universal testing machine HT8503 (Hung
Ta Instrument Co., Ltd, Taichung, Taiwan). In addition, the
analytical performance of the AI** ISE was evaluated using
a Thermo Orion Scientific Star A211 potentiometer (Waltham,
MA, USA).

1,10-Phenanthroline-modified polyurethane membrane
preparation

The polyurethane membrane was prepared by reacting 3.5
grams of commercial castor oil (Ricinus communis L.) with 1,10-

© 2025 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

Fig. 1 Fabricated electrodes in a potentiometer.

phenanthroline in various compositions (see Table S1). The
mixed composition was stirred for 24 hours until dissolved.
Next, it was reacted with 1.75 grams of TDI by heating at 60 °C
for 15 minutes. The resulting dope solution was yellowish in
color and added with £4 grams of acetone printed on a glass
surface 25 cm x 15 cm with a thickness of 0.5 mm and dried for
24 hours at 60 °C to produce thin layered membranes. The AI**
ISE was constructed by cutting a PU membrane with a diameter
of 1.3 cm and putting it properly on the bottom of the electrode.
The ISE internal solutions contained 0.1 M KCl and 0.1 M
Al(NO;);. The composition of the internal solution was varied
(see Table S2) to obtain the optimum ISE response.

Study of AI** ISE performances

Nernst factor, linear range, LOD, and LOQ determination.
The measurement potential was determined using a Thermo
Orion Start A211 potentiometer and Ag/AgCl as a reference
electrode. Fig. 1 shows the fabricated electrodes in the instru-
ment potentiometer. A plot of the potential versus AI**
concentration in standard solutions of 10 '°~10"" M was used
to determine the ISE sensitivity, linear range, limit of detection
(LOD), and limit of quantification (LOQ). 0.1 M NaNO; was used
as a blank solution to determine the LOD and LOQ, which were
calculated according to eqn (1) and (2), respectively. The Y;op
and Yy oq values were then used to calculate the LOD and LOQ
from the linear range equation of the calibration curve.

Yiop = average blank + 3SD (1)

Y10q = average blank + 10SD (2)

Response time. The AI*" ISE response time was determined
based on the time needed to obtain a stable response for
measuring a series of AI** standard solutions of 107'°-107" M.

RSC Adv, 2025, 15, 37990-37998 | 37991
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Effect of the pH. The resistance of the AI** ISE to pH was
determined using a 107° M AI(NO;); solution dissolved in
various phosphate buffers with pH values of 4, 5, 6, 7, 8, and 9.
The effect of the solution pH on the potential response was
determined by plotting the pH against the potential values.

ISE lifetime. A study on the AI*" ISE lifetime was carried out
by measuring the potential of a series of standard solutions of
Al(NO;); with concentrations of 107 '°-10"" M. The potential
measurement of the 107'°-10"" M AI(NO;); solutions was per-
formed using a similar procedure on days 10, 15, 20, 25, and 30.
A graph of the potential value (mV) versus the —log AI**
concentration was used for the assessment of the changes in the
ISE sensitivity, dynamic range, and R* values on different days.

Selectivity coefficient. Determination of the AI’** ISE was
conducted to determine its ability to respond to AI’* ions and
various foreign ions with valences I, II, and III. The determi-
nation of the ISE selectivity was conducted using a separate
method, and the ions tested were K*, Li*, Na*, Ni**, Mg**, Ca*",
Co?", cd*', cu**, Zzn**, Pb**, Fe**, and Cr**. The concentration of
foreign ions used in this study was 10~* M, and eqn (3) was used
to calculate the selectivity coefficient.

10 x g

Kj = ——F— 3)

zif%
4a;

A separate solution method was carried out by measuring the
AP’" and interfering ion solutions separately. The selectivity
coefficient was then determined using eqn (3).

Results and discussion
Polyurethane characterizations

The functional group, crystalline properties, and surface
morphologies of polyurethane membranes modified with 1,10-
phenanthroline were characterized using Fourier transform
infrared (FTIR) spectroscopy, X-ray diffraction (XRD) and scan-
ning electron microscopy (SEM), respectively.

Functional group analysis of polyurethane membranes. The
reaction between alcohol (-OH) and isocyanate produced PU
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Fig. 2 FTIR spectra of PU, PU/Phen, and PU/Phen/Al membranes.
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Fig. 3 XRD patterns of PU, PU/Phen, and PU/Phen/Al membranes.

membranes via urethane bonds.” The PU membrane was
synthesized using different compositions of castor oil, 1,10-
phenanthroline, and TDI (Table S1) to obtain a suitable PU
characteristic as a sensor matrix. The proper membrane was
thin and plastic. Fig. 2 shows the FTIR spectra of the prepared
membranes.

The PU membrane characterization results showed FTIR
peaks at several wavenumbers, such as the typical absorption at
a wavenumber of 3390 cm™ ' indicated the absorption of the -
NH group of urethane.*® The absorption at wavenumbers of
2924 cm™ " and 2852 cm™" indicated the presence of the -CH
group. Meanwhile, the absorptions at wavenumbers of
1323 cm ' and 1600 cm ™' indicated the existence of the C-N
functional group. The weakening of the -NCO absorption from
2,4-toluene diisocyanate (TDI) was observed at 2277 cm™".>* The
presence of 1,10-phenanthroline in the modified membrane
was indicated by a peak at a wavenumber of 1535 cm ™.

The PU membrane modified using 1,10-phenanthroline was
characterized by a peak at a wavenumber of 1535 cm ™", asso-
ciated with the presence of the aromatic group -C=C from 1,10-
phenanthroline. Furthermore, the -C-N group was marked by
a peak at a wavenumber of 1325 cm ™. Another study?* observed
the -C-N peak in the wavenumber range from 1222 cm ™' to
1058 cm ™ '. The interaction of the PU/Phen membrane with AI**
ions was shown by a shift in the absorption of the aromatic
framework at wavenumbers of 1485 cm ™', 1440 cm ', and
1409 cm . This indicated the interaction of AI** ions with the
aromatic nitrogen-containing rings of 1,10-phenanthroline.

Crystal structure analysis of polyurethane membranes

Polyurethane is a polymer containing urethane functional
groups in its molecular chain. PU and its modifications are
partially crystalline. The crystallinity of the membranes was
investigated by XRD analysis. The XRD pattern can also provide
information about the chain configuration in the crystalline,
the estimated crystalline size, and the comparison of crystalline
areas with amorphous areas (the degree of crystallinity). These
structural properties influence the performance of the PU
membrane."’

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Crystallinity of the PU-based membranes

No. Membrane Crystallinity (%)
1 PU 4.03

PU/Phen 2.60
3 PU/Phen/Al 2.49
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Fig. 4 SEM images of the PU/Phe/Al membrane captured from the (a)
top and (b) cross-section.

According to the XRD data depicted in Fig. 3, the prepared
PU, PU/Phen, and PU/Phen/Al membranes exhibited semi-
crystalline characteristics. The degrees of crystallinity of the
three types of membranes are shown in Table 1. The crystal-
linity degree of the PU membrane was modified using 1.10-
phenanthroline and aluminum. The presence of added mate-
rials decreased the crystallinity, implying that they made the
structure more flexible to carry out the diffusion process. By
contrast, the degree of crystallinity has a significant correlation
with the glass transition (7,) value. As the crystallinity
decreases, the glass transition also decreases.?” The presence of
1,10-phenanthroline caused a decrease in the crystalline degree
by 55%, with an additional 4.33% reduction when the PU/Phen
membrane interacted with Al** ions.

The decrease in the crystallinity of the modified membranes
facilitated the diffusion process, making them beneficial for
AP’" ion-selective sensing purposes. The relationship between
diffusion and the decreasing degree of crystallinity has also
been reported by Trifol et al.*® The XRD patterns of PU, PU/
Phen, and PU/Phen/Al membranes had broadening peaks at
19.02°, 19.33° and 18.91°.

Morphological characteristics of the PU/Phen/Al membrane

SEM images were captured to monitor the morphological
properties of the PU/Phen/Al membrane, as provided in Fig. 4.
The result of the cross-sectional analysis showed that the
modified PU membrane had outer and inner layers. The top
layer was solid, followed by a hollow categorized as an asym-
metric membrane. This result was consistent with other
studies.”*** A dense layer on the outer surface is advantageous
for sensor membrane applications, as it prevent leaks, which
are a potential cause of an unstable response.

Optimization of the membrane composition

The working system for ion-selective electrodes requires
a matrix that influences selectivity, stability, and mass

© 2025 The Author(s). Published by the Royal Society of Chemistry
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transport. Meanwhile, the mechanical properties and thermal
stability determine the lifespan of the ISE.* Then, a 1,10-
phenanthroline-modified polyurethane membrane was used as
the active substance for ISE selectivity towards Al*" ions.

The membrane is crucial in the ISE working system's func-
tioning for active substance immobilization. The matrix and
stability of the ISE have a significant correlation with its sensi-
tivity and lifetime. In this situation, the quantity of ionophores
in the membrane affects the stability and sensitivity. After use,
the decrease in sensitivity might be due to the leaching process
and the insufficient amount of ionophores. The close sensitivity
value to the theoretical Nernst factor (19.72 mV/decade) of the
value of 3-valent metals was 18.90 mV/decade with the widest
dynamic range. The influence of the membrane composition on
the sensitivity and linear range is shown in Table S3.

Table S3 presents that the optimum membrane composition
for achieving sensitivity close to the theoretical value was castor
oil : TDI : 1,10-phenanthroline : acetone in the ratio of 37.80% :
18.90%:0.10% : 43.20% (w/w). 10 mg of 1,10-phenanthroline
was appropriate for the creation of attractive forces between
1,10-phenanthroline in the membrane and AI** ions in the
external solution. During the measurement process, the ion
exchange occurred between the aluminum bound to the
membrane and the AI** ions in the solution to reach an equi-
librium state.

When equilibrium was reached, the difference in charge
density formed a potential difference on the surface of the ISE
membrane. The potential value was proportional to the activity
of AI** ions in the solution. However, the presence of NO;~ in
the standard solution created a repulsive force on the
membrane surface due to the similarity of the charge between
the membrane and the NO®~ ions. Therefore, NO®*~ ions moved
away from the membrane surface, according to Le Chatelier's
principle.”**® During equilibrium, as determined by Le Chate-
lier's principle, the diffusion process occurred from a region
with a high AI’* ion concentration to the one with a low
concentration. This depended on the availability of A’ ions
(inside or outside the membrane).
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Fig. 5 ISE responses with TISAB and without TISAB solutions.
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Table S3 shows that the highest sensitivity achieved was 19.86 £
0.34 mV/decade. The increased concentration of 1,10-phenan-
throline appears to enhance sensitivity, likely due to strengthened
coulombic interactions between the ionophore and the target ion.
This enhancement may also be attributed to the increased avail-
ability of active binding sites, which promotes a greater concen-
tration gradient at the membrane-solution interface.
Consequently, ion flux across the membrane is enhanced, leading
to a more pronounced potential difference, often observed as an
overpotential response. However, an excessive amount of the
ionophore may cause a super-Nernstian response, likely due to an
imbalance between the ionophore concentration and the avail-
ability of target ions, as previously reported.”” While such condi-
tions may temporarily improve detection capabilities, sensitivity
values closer to the theoretical Nernstian slope are generally
preferred to ensure analytical stability and reliability.

Optimization of the internal solution composition

The optimization of the internal solution composition was
performed to evaluate its effect on the ISE sensitivity. The
internal solution consisted 0.1 M KCIl and various Al(NOj;)
concentrations aimed to stabilize the electrode response. The
conventional ISE working system uses an internal solution.
Therefore, the difference in the charge density on the two
membrane interfaces forms a proportional potential to the AI**
ion activity in the analyte solution, and in this situation, the two
sides of the membrane interface produce a boundary phase
potential. A similar consequence was also stated by Mohan
et al.” In other experiments, we found that the changes in
sensitivity were affected by a difference in the internal solution
activity.”* The Al(NO;); concentrations used were 0, 0.1, 0.3, 0.5,
and 0.7 M. The sensitivity values (mV per decade) for various
variations are presented in Table S4.

Table S4 shows the effect of the internal solution composition
on the ISE sensitivity and linear range. The higher concentration of
the AI(NOj;); solution caused an increase in sensitivity, and
a significant increase occurred when the internal solution con-
tained Al(NO;); compared to one without Al(NOs); solutions. As
shown in Table S4, the Al(NOj3); concentrations of 0.3, 0.5, and
0.7 M increased the sensitivity, but the linear ranges were narrow.
This might be due to the presence of more Al** ions on the inner
side than on the outer side. Therefore, the difference in the
potential between them was negligible. According to Table S4, the
optimum internal solution concentration was achieved at 0.1 M
Al(NO3); and 0.1 M KCl solutions.

Effect of the total ionic strength-adjuster buffer

The ISE performance is also influenced by the ionic strength.
Therefore, the influence of the total ionic strength adjuster

Table 2 A" ISE sensitivity and linear range
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buffer (TISAB) on the measurement of standard solutions con-
taining TISAB needs to be studied. The TISAB solution used in
this study was 10> M NaNOs;. The ISE response profiles of AI**
to standard solutions containing TISAB and without TISAB are
shown in Table S5.

Fig. 5 shows the ISE responses to TISAB solution addition. It
indicated that the presence of the TISAB solution did not
significantly affect sensitivity but did influence the dynamic
range. The measurement results showed that the TISAB solu-
tion affected the Al*" ISE potential, resulting in a change in the
linear range of measurement from 10 °-10* M to 10 -
10~* M. The TISAB solution could stabilize ionic strength at low
concentrations.*

Determination of ISE performance

The quality of the A" ISE is determined by the Nernst factor,
linear range, limit of detection, response time, lifetime, effect of
pH, selectivity, reproducibility, repeatability, and percent
recovery. The AI** ISE performance was determined using the
optimum membrane composition (%w/w) of castor oil : TDI:
1,10-phenanthroline : acetone (37.80:18.90:0.10:43.20) and
an internal solution (0.1 M AI(NO;); + 0.1 M KCI). The
measurement was performed using a series of standard solu-
tions of Al(NO;); with concentrations of 107'°-10"" M con-
taining a TISAB solution of 10 M NaNO;. AI*" ISE
conditioning was carried out by immersing it in a 0.1 M
Al(NO3); solution for +24 hours.

Sensitivity and linear range. The Nernst factor and linear
range were determined by measuring the ISE potential of Al**
against a series of standard solutions containing Al(NO;); with
a concentration of 107 '°-10"" M. Measurements started from
the dilute to the highest concentration solutions. The potential
(mV) was plotted against —log [AI**] (M) at various concentra-
tions. The Nernst factor and linear range are provided in Table
2.

Table 2 shows the optimum AI** ISE that produces an
average sensitivity of 19.94 + 0.26 mV/decade with a linear
concentration range of 10~ '°-10~* M. This value was close to
the theoretical value for trivalent ions (19.73 mV/decade). The
difference in sensitivity values for each ISE might be because
the dispersion of 1,10-phenanthroline was not homogeneous,
and standard deviations were below 5%. Therefore, the
measurement had an acceptable precision value. The resulting
potential profile increases with increasing concentration, which
is responsible for the AI** ISE, described by eqn (1).

Esel = E:e] +s log [A13+:| (4)

where s is the slope value associated with a theoretical sensi-
tivity of 19.73 mV per decade) for ISE analytes with valence 3.

ISE I i 11 v Y
Sensitivity (mV/decade) 19.48 20.23 19.61 20.11 20.04
Linear range (M) 107'%-107* 107'%-107* 107 "%-107* 107'%-107* 107'%-107*
Determination coefficient (R?) 0.999 0.995 0.996 0.990 0.999
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The linear range was determined based on the linear
potential response to the Al(NO;); standard solution, and the
results obtained in this study were in the range of 10~ "°-10"* M.
The non-linear AI** ISE measurement showed the inability of
the ISE to stimulate potential changes on the electrode
surface,” which occurred at the lowest and highest concentra-
tions of the standard solution. In this study, the AI** ISE was
unable to respond to potential changes in the concentration
ranges of 10 °-10"* M and 10" *-10" " M.

Limit of detection. The limit of detection (LOD) was deter-
mined to obtain the lowest concentration limit for the detection
of AI’" ions. In the ISE working system, the detection limit is
affected by the type of ionophore and membrane. In this study,
the LOD was also determined by measuring the blank potential
of 107® M NaNO; as a blank solution; therefore, the Y;op was
obtained through eqn (5).

Yiop = 3 x STDV blank + potential (5)

The results obtained were then used to obtain XLOD = 5.17
x 10~ M through the linear calibration curve equation, and
the AI** ISE limit of quantitation (LOQ) value was 6.8 x 10> M.
The LOD value obtained in this study is better than that in the
research reported by Jannah et al.*®

Response time. The AI** ISE's response time was determined
based on an equilibrium point at the membrane interface to
achieve a stable potential. The determination of response time
was performed using three Al(NO;); concentrations, namely,
107, 1077, and 10~ '® M. The response time produced in the
measurement is shown in Fig. 6.

The measurement shows that the average response time was
stable after 180 seconds of measurement, with a change of
0.07 mV in the potential. This was because the equilibrium at
the membrane interface had not been achieved yet. Then, the
stability in potential is also influenced by the concentration and
the presence of interfering ions in the solution. It normally
occurs in a fast, stable response at higher concentrations. The
response time is also affected by the impedance of the
membrane.*~*?
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Fig. 6 A" ISE response time curve.
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Fig. 7 The profile of the A®* ISE response at different pH values.

Effect of pH. A study of the pH effect on the potential ISE
response to the AI*" ion was needed to determine the robust-
ness at various solution pH values. A good ISE performance is
not influenced by pH because the pH in real samples might
vary. If the ISE response is affected by the pH, it is necessary to
adjust the pH first so that the measurement conditions will be
the same. In this study, the effect of pH on the ISE response was
investigated using standard solutions of the same concentra-
tion at different pH levels (4, 5, 6, 7, 8, and 9) prepared with 0.1
M phosphate buffer, as presented in Fig. 7.

Fig. 7 shows that the ISE's response is affected by acidic (<6)
and alkaline (>8) pH. The AI*" ISE provides a stable response in
the pH range of 6-8. At low pH, excess H' ions cause membrane
protonation, resulting in competition for the movement of H"
and AI’* ions to the membrane surface. The same thing was also
reported by Ali et al.** The excess positive charge in the solution
causes the ISE potential to increase. By contrast, the potential
response tends to decrease at pH > 8 due to the low quantity of
free AI** ions, due to the formation of AI(OH);. The same
phenomenon also occurs in the AI** ISE using PVC
membranes."*

Effect of foreign ions on the selectivity coefficient. The
determination of the AI** ISE selectivity towards various posi-
tively charged foreign ions other than Al*" jons was performed
using the separate solution method. Selectivity is the indication

300

200 W
- .
100 -
04
* —
L G
~ -100 > o
> A —e
£ 2004 A,
—_ A — A
© A
-8 300 A
g
E -400
-500 ~
>~
600 - D
M e —e
700 .
W -
V————y
-800 T T T T T T T
4 5 6 7 8 9 10
-Log[AI**)(M)

Fig. 8 A" ISE reproducibility.
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Table 3 Sensing recovery

Sample —log[Al(NO3); (M) ISE —log[Al(NO3); (M) Recovery (%)

4 3.96 99.21
5 5.07 101.57
6 5.96 99.21

of the selectivity coefficient value (K;) and was tested on several
cations with charges I, II, and III (K", zn*>*, Mg**, Pb**, Fe*",
Co**,Ni**, Na*, Cr*", and Ca**) with respective concentrations of
10" M. Selectivity coefficient calculation results (K;) are shown
in Table S6.

Table S6 shows that the Kj; calculation results for the ions
tested are <1. The calculation results showed that the Al** ISE
was selective towards Al’* ions compared to foreign ions. The Kj;
values for foreign ions with valence 3 were higher than those for
ions with valences I and II. It can be assumed that trivalent ions,
such as Cr** and Fe®', possess similar interaction capacities
with 1,10-phenanthroline, which consequently leads to selec-
tivity coefficient values being close to 1. Changes in the
concentration of the AI>* ion greatly influence the performance
of foreign ions. The lower the concentration of the Al(NOj3);

Table 4 Performance comparison of AT ISEs

View Article Online
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solution, the more abundant the presence of foreign ions,
making them interfere with the measurement process.*® Based
on the calculation results of the foreign ion, the sequence for
the AI** ISE response is Cr*" > Fe** > Bi*" > zn*" > Co®" > Cu** >
Ni** > Ca®" > Hg>" > Pb*" > Na" > K" > Li".

ISE lifetime. The lifetime was determined by evaluating the
deviation of the Nernst factor value or ISE sensitivity from the
theoretical value for trivalent ions (19.73 mV/decade). Further
sensitivity deviation indicated a decrease in the ISE sensitivity.
The measuring ISE lifetime as shown in Table S7.

Table S7 shows that the decrease in sensitivity occurs grad-
ually as time increases. The same phenomenon also occurs in
the AI** ISE reported in the literature.* This might be due to the
membrane's swelling during measurement, which caused 1,10-
phenanthroline to leach out from the membrane.* These data
show that the limit of electrode use is the 33rd day, when the
sensitivity value obtained is 15.10 £ 0.73 mV/decade, and this
value is still acceptable because the lowest sensitivity value for
trivalent ions is 14.73 mV/decade. Therefore, day 33 is the limit
for the AI’* ISE based on 1,10-phenanthroline-modified poly-
urethane membranes.

Reproducibility and repeatability. The reproducibility study
determines the measurement precision for each ISE under

Material and active

compound Sensitivity mV/decade

Linear range (M)

LOD (M) Reference

PVC, 7-ethylthio-4-oxa-3-
phenyl-2-thioxa-1,2-
dihydropyrimido[4,5-d]
pyrimidine (ETPTP)
N,N'-Propanediamide bis(2-
salicylideneimine) (NPBS)
Bis(5-phenyl azo
salicylaldehyde)2,3-
naphthalene diimine
(5PHAZOSALNPHN)

PVC and 6-(4-nitrophenyl)-2-
phenyl-4-(thiophen-2-yl)-3,5-
diaza-bicyclo[3.1.0]hex-2-ene
(NTDH)

19.5

19.4 £ 0.3

19.3 £ 0.8

19.6 £ 0.4

7.9 x 1077-1.0 x 10!

5.0 x 10 °°-1.0 x 10?2

1.0 x 107%-1.0 x 107!

10 °-10'M — 37

4.6 x 1077 38

2.5 %x10°° 39

1.0 x 10°° 40

PVC, coated platinum
(CPtE), E-N'-(2-hydroxy-3-
methoxybenzylidene)
benzohydrazide

PVC, 12-crown-4 (12C4)
(2)-2-(2-Methyl benzylidene)-
1-(2,4-dinitrophenyl)
hydrazine (L) PVC
1'-[(Methylazanediyl)
bis(ethane-2,1-diyl)]-bis[3-
(naphthalen-1-yl)thiourea]
Solid state, neutral carrier
morin

Carbon paste, N,N'-
bis(salicylidene)-1,3-
propanediamine (SB-Salpr)
Polyurethane, 1,10-
phenantroline and graphene

19.9 + 0.3 (PME) and
20.1 + 0.4 (CPtE)

19.0 £ 0.4
20.1 £ 0.5

17.70 £ 0.13 de

8.8

20.2 + 0.1

19.94 £+ 0.26
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3.0 x 107 7-1.0 x 10> M for
PME and 1.0 x 1077-1.0 x
102 M for CPtE

1.0 x 10°°-1.0 x 1071

1.0 X 107°-1.0 x 107+

10 °-1072

1.0 x 107°-1.0 x 10!

1.0 X 107°-1.0 x 1072

10" *%-107*

1.7 x 10(—7) and 5.6 x
10(—8) M

5.5 x 1077
1077

2.45 x 10~

1.0 x 107°

2.1 x 1077

5.17 x 1072

41

14
42

31

43

44
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similar experimental conditions.”* The reproducibility study
was performed using five electrodes, as shown in Table S8 and
Fig. 8.

Table S8 shows that the five AI*" ISEs exhibited an average
sensitivity value of 19.94 mV/decade with an acceptable stan-
dard deviation of 0.49. Further evaluation involve assessing
repeatability which determine the closeness of measurement
values under the same measurement conditions. In this study,
repeatability was performed through five measurements, which
yielded an average sensitivity of 20.16 mV/decade with a stan-
dard deviation of 0.12. The sensitivity, linear range, and line-
arity for each repetitive measurement are shown in Table S9.

Sensing recovery properties

The recovery study determines the accuracy of the ISE for
sample measurement. The accuracy of the ISE was evaluated
using artificial samples with standard solutions of known
concentrations. Table 3 shows that the recovery percentage of
the standard solution with three concentrations ranged from
99.21% to 101.57%. This is considered excellent, as a good
recovery percentage is typically within the 90-110% range.

Table 4 presents a comparative analysis of the performance
between the developed AI’" ISE and other previously reported
AI’" ISEs, focusing on their linear response ranges and detec-
tion limits. The results indicate that the developed AI** ISE
exhibits a sensitivity value approaching the theoretical Nerns-
tian slope, along with a wider linear response range and a lower
LOD compared to previously developed Cr** ISEs.

Conclusion

The 1,10-phenanthroline-modified PU could be applied as an
AP’* ion-selective membrane embedded in the ISE working
system. The ISE had a close to theoretical sensitivity value,
a wider linear range, and a low-limit detection. It exhibited
a stable potential response after 180 seconds, operated effec-
tively within the pH range of 6-8, and maintained its perfor-
mance over a lifetime of 33 days. This electrode showed
a selectivity coefficient less than unity towards foreign ions
tested, in the order of Cr** > Fe** > Bi** > zn*" > Co** > Cu*' >
Ni** > Ca®>" > Hg”* > Pb®>" > Na" > K" > Li". Foreign ions with
valence III exhibited K;; = 1, and these ions had the potential to
interfere with measurements. Reproducibility and repeatability
studies were performed with a standard deviation of less than
5%.
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