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In this study, we focused on developing a new miniaturized solid-state contact PVC based iron(l11)-
selective electrode using morin-Fe®" shiff-base complex as the sensing material for environmental
monitoring of iron(l1l) ions. The membrane composition of the electrode was optimized and the
potentiometric performance characteristics of the electrode including selectivity, detection limit, pH
range, response time, concentration range and potential stability were investigated. The results
indicated that the electrode showed super Nernstian response of 56.14 + 0.22 mV/decade over the wide
linear concentration range 1.0x10® to 1.0x10™* M, and a very low detection limit of 4.5x107 M. The
potentiometric response of the fabricated electrode was independent at pH 5-10 and the electrode
showed a very short response time (<10 s). It exhibited excellent selectivity towards iron(l11) ion over
various cations including iron(ll) ions. The proposed electrode was successfully applied for rapid
inexpensive in-situ analysis of iron(I11) ion in acid mine drainage and soil samples with comparison to
inductively coupled plasma optical emission spectrometry (ICP-OES) analysis method, and the results
obtained were agreeable with each other.

Keywords: PVC membrane, solid-state contact electrode, iron(lll), potentiometry, environmental
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1. INTRODUCTION

Iron(111) is a necessary micronutrient for the cellular processes such as photosynthesis and
respiration [1, 2]. In addition, iron(l1l) is present in various enzymes such as catalase, cytochrome C,
aldolase and plays role as cofactor in the central nervous system. In human metabolism, approximately
90% of the iron is preserved and reused every day whereas the rest is discharged from our bodies [3].
Low or excess amounts of the iron element result in anemia, cancer, heart disease, liver, and kidney
damage (haemochromatosis) in humans [4, 5]. Iron is considered as being a moderately toxic element
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compared with other transition metals and may enter into natural waters as pollutant due to its various
industrial applications [6]. Although its presence has adverse effects in environment, it can lead
phytoplanktons to grow as a limiting growth nutrient in southern oceans [7]. Since the quantitative
detection of iron(lll) ions is crucial in both environmental and biological samples, ion selective
electrodes (ISEs) as mobile, miniaturized, simple, rapid, and low cost devices can be used to monitor
iron(111) ions. Yet, the number of reports on developing iron(l11)-selective electrodes are limited [8-14,
41-47]. Thus, it is challenging and still interest to design iron(ll1)-selective electrodes. Solid state-
contact poly (vinyl chloride) (PVC) based polymeric membrane electrodes offer an alternative
platform by eliminating inner reference solution to achieve better response properties as compared to
conventional PVC based polymeric membrane electrodes [15-19].

Shiff-base compounds can form durable and selective complexes with metal ions, and it is
possible to use them for their separation and determination [20-22]. They have been applicable to
construct membrane sensors for detection of metal ions [23, 24]. Morin (Figure 1) is a flavonoid
compound that has chelating properties to metal cations, e.g. iron. [25-27]. Carbonyl and hydroxyl
groups present in flavonoids molecules help to occur chelation [28]. There are some of previously
reported methods found in the literature about morin and its metal complexes [28-30]. In addition,
metal ions react with morin in aqueous medium in the range pH: 2.0-7.0 forming colored complexes
with different stoichiometry [31]. However, in some previous studies, morin has been used for the
spectrophotometric determination of iron based on the reaction of morin in slightly acidic solution with
iron(11) resulting in a highly absorbent light green chelate product [32]. Hence, in the present study, we
decided to use morin-Fe?* complexation as a carrier for constructing a polymeric membrane for the
potentiometric detection of iron(l11) ion and investigated the effects of the membrane compositions to
attain better electrode response characteristics. The developed electrode was successfully applied for
the determination of iron(l11) ions in complex environmental samples.
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Figure 1. Chemical structure of morin

2. EXPERIMENTAL

2.1 Reagents

The reagents used were at analytical reagent grade. Tetrahydrofuran (THF), potassium tetrakis
(p-chlorophenyl) borate (KTpCIPB), graphite, morin hydrate, high molecular weight poly (vinyl
chloride) (PVC) and plasticizers, o-nitrophenyl octyl ether (NPOE), dioctylsebacate (DOS), dibutyl
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phthalate (DBP), dioctyl phthalate (DOP) were purchased from Fluka (Bucks, Switzerland). Epoxy
(Macroplast Su 2227) and hardener (Desmodur RFE) were purchased from Henkel (Istanbul, Turkey)
and Bayer AG (Darmstadt, Germany) respectively. All solutions were freshly prepared by suitable
dilution with using water purified in a Millipore Milli-Q system from their stock solution of 0.1 M and
kept in dark. The pH of the solutions was adjusted with (0.01-0.1 M) HNO3; and NaOH (Merck,
Germany). For potentiometric titration, ethylenediaminetetraacetic acid disodium salt (EDTA) (Sigma-
Aldrich, Germany) was used. All of the cationic solutions were prepared from nitrate and chloride salts
and used without any further purification except for vacuum drying over P,Os. All glass apparatus was
acid washed in 1.0 mol L™ nitric acid when not in use.

2.2 Apparatus

A computer-controlled high-input impedance multi-channel potentiometric measurement
system (sensitivity £0.1 mV) with a custom-made software program (Medisen Ar-Ge, Turkey) was
used in order to carry out the potentiometric measurements. All electrode potentials were measured
against the potential of a Ag/AgCI reference electrode (RE) (MF-2052 model, BASI) with a 3 M NaCl
aqueous filling solution that has been saturated with AgCIl. HI19126 (Hanna Instruments) waterproof
portable pH/mV meter including the HI1230B double junction pH electrode was used to monitor the
pH of the solutions. The pH-electrode was calibrated by using pH standard buffer solutions (Hanna
Instruments) for pH 4, 7 and 10 before each experiment. Branson ultrasonic bath (USA) was used to
homogenize solutions at essential concentrations. Dissolved oxygen (DO) was measured using an
Oakton DO 300 Series field meter; temperature, pH, and oxidation-reduction potential (ORP) were
measured with Beckman U265 pH/Temp/mV meters; and an Oakton CON 400 series field meter was
used to measure conductivity. Inductively coupled plasma optical emission spectrometry (Optima
7300DV ICP-OES, Perkin Elmer, USA) was applied for analysis of environmental samples.

2.3 Electrode preparation and measurements

The all-solid-state micro-sized electrodes were constructed via a dip-coating method based on
our previous works [15, 33, 34]. Afterwards, the Fe(ll)-morin complex as the ionophore was
synthesized according to the procedure described before [31, 32]. The membrane composition, listed in
Table 1, consisting of 32% (w/w) high molecular poly (vinyl chloride), 4% (w/w) of ionophore, 63.5%
(w/w) DOS as plasticizer, 0.5% (w/w) KTpCIPB as anion excluder were dissolved in 4 mL of dry
freshly distilled THF. The conductive material of the electrode was dipped into this oily mixture
solution for about 10 s in order to form a PVC membrane. The electrode was left to dry at room
temperature for 4 h and then, conditioned into a 1x10% M FeCls solution for 12 h before utilization.
Before each measurement of test solutions, the electrodes were rinsed with deionized water and stored
in the laboratory conditions when it is no longer in use.

Potential difference between ISE and reference electrode is proportional to the logarithm of the
ion activity based on Nernst-equation. The potential response values of the Fe**-selective membrane
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electrode at steady-state were measured for different concentrations of standard solutions of Fe®*
respectively. All measurements were carried out under zero-current flow and at 25 °C with cell of the

type:
Micro-sized Ag/AgCl RE | Test solution | PVC membrane | Conductive material | Cu wire.

2.4 Preparation of sample solution

The acid mine drainage sample was collected from Brubaker Run (Pennsylvania, USA) and the
Pahokee peat soil was obtained from International Humic Substances Society (IHSS), Florida, USA.
All samples were filtered through 0.45 um cellulose membrane filter before analysis and kept in
bottles. Afterwards, pH of the sample solutions was measured with pH meter. 15 mL aliquots of 10°-
102 mol L™ iron(111) solution were transferred into 25 mL beaker at 25°C and the pH of each solution
adjusted to the required acidity using small amount of NaOH/HNQOg3. Then, the calibration curves were
obtained by immersing the electrode in conjugation with micro-sized Ag/AgCl reference electrode in
the solutions. The emf measurements were plotted versus the logarithm of iron(l1l) concentration to
determine iron(l11) content of the sample solutions.

3. RESULTS AND DISCUSSION

3.1 Response Characteristics of the Electrodes
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Figure 2. The potential response of all solid-state contact PVC membrane Fe®**-selective electrode
against Fe** and some cations.

The potential values of the electrode towards various cations were first determined within the
concentration range 1.0x10 ° to 1.0x10~* mol L™ (Figure 2) after each electrode that was conditioned
in a 1.0x10 M solution of the corresponding cations for 12 h. We noted that, the electrode exhibited
weak responses to all tested cations except for iron(l11) in a wide concentration range due to their poor
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interactions with the ionophore used. Consequently, morin-Fe** shiff base complex was employed as
an ionophore for the fabrication of iron(l11)-selective electrode.

It is well known that the membrane composition and the nature of solvent mediator and
additives used significantly affect the sensitivity and selectivity of the electrode [18, 35, 36]. Thus, the
effect of different membrane compositions on the response characteristics of fabricated Fe®*" ion-
selective electrode were investigated in order to determine the best electrode composition and the
results were summarized in Table 1.

Plasticizer is an important component of the electrode and has effects on the dielectric constant
of membrane, mobility of ionophore molecules and the state of ionophore. The plasticizers not only
enhance the workability of the membranes, but also improve the working concentration range, stability
and life span of the electrode [37, 38]. In this research, four plasticizers namely NPOE, DOS, DBP,
DOP were tested. The effect of plasticizers on the characteristics of iron(l11) selective electrode is also
shown in Table 1. The results displayed that the membrane containing DOS as plasticizer has the
widest concentration range 1x10* to 1x10 ° M with the lowest detection limit for iron(I11) ions among
the other plasticizers. Besides plasticizer, the presence of lipophilic negatively charged additives
enhances the potentiometric behavior of certain selective electrodes. It reduces the ohmic resistance
and improve selectivity and sensitivity of the membrane electrode as well. The optimum KTpCIPB
amount was found to be 0.5 mg for the preparation of the membrane mixture.

Table 1. Composition and response characteristics of solid-state contact iron(l11) selective electrodes.

Composition of the membrane (wt.%) Linear range Detection Slope
S. PV piasticizer <TCP  lonopho M limit (mV/decade)
no. C B re : (M)
1 32 635(DOS) 05 4 T 45x107 56.1
-3
2 32 635(DBP) 05 4 Pty 1.0x10°6 73.8
-3
3 32 635(DOP) 05 4 1f3>1<20_§° 1.05%10°° 455
63.5 1.0x107* to »
4 ;2 (me 05 4 e 1.4x10 69.9
-2
5 32 64(DOS) 0 4 1f3>1<20_§° 9.0x10°6 65.8
-2
6 32 655(DOS) 05 2 1f3>1<20_§° 1.2x10°6 57.9
-3
7 32 62(D0S) 1 5 Pty 4.1x107 65.0

The calibration curve is plotted the potential readings versus -log of iron(111) concentration for
the electrode with a membrane composition of PVC:DOS:ionophore:KTpCIPB percent ratio of
32:63.5:4:0.5 which has the best behavior of the membrane electrode. The electrode showed a super
Nernstian response with a slope of 56.14+0.22 mV per decade for four replicate measurements in the
linearity range of 1.0x10 *to 1.0x10°® M in standard solutions of Fe*" as seen in Figure 3. The lower
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detection limit of the electrode was determined from the intersection of the two extrapolated segments
of the calibration graph and found to be 4.5x107" mol L™.
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Figure 3. Calibration curve of all solid-state contact PVC membrane Fe**-selective electrode.

3.2 Effect of pH

The pH dependence of the electrodes was investigated over the pH range 2-11 at a 1.0x10°
mol L™ and 1.0x10"° mol L™ Fe** ion concentration by using concentrated HNO3 or NaOH solutions,
and a typical pH behavior for the electrode is shown in Figure 4. The potential response of the
electrode was stable in the pH range 5.0-10.0. The observed potential deviation at higher pH values
could be on account of the formation of some hydroxyl complexes of Fe** such as Fe(OH); and
Fe(OH), in the solution where the population of iron(ll1) ions decreases [39, 40]. In addition, the
electrode potential increased at pH values lower than 5.0 due to the protonation of ionophore. In this
case, the electrode give response to hydrogen ions. Thus, the pH range of 5.0-10.0 was chosen for the
working pH range of the electrode assembly in further experiments.
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3.3 Potentiometric selectivity of all solid-state contact Fe**-selective electrode

The selectivity behavior, which indicates ion-selective electrode specificity of the target ion in
the presence of interfering ions, is one of the most important characteristics of an ion selective
electrode. The selectivity coefficients of the prepared electrode were determined for a number of
transition and heavy metal ions using the separate solution method (SSM) [41]. One of the solution
includes the main ion i at the activity a;, and the other one includes only the interfering ion j at the

activity aj. Where E;, E; and z;, z; are the measured potentials and charges on the ions i and j
respectively. logK}’i"t can be calculated using the following equation (1):
logK{ Pt = Foba (1 — ﬁ) loga; )
5 S Z]'
In this study, a variety of mono, di, and trivalent cations were investigated as interfering ions.

The selectivity coefficient values (KEE}) given in Table 2 show that the electrode has a high selectivity

towards iron(111) satisfactorily in the presence of Na*, K*, Ca®*, Fe**, Cu**, Zzn*", Mn®** Mg*, Ni%,
Pb**, Co*,Cr**, AI*

Table 2. Selectivity coefficients of various ions (J) for the electrode.

H H i Pot
mterferlng 10Nns logKFe3+,j

3)
crt -3.34
Al 2,71
Co? -4.38
Pbh%* -3.60
cu? -5.49
Mg** -5.00
Mn? -5.50
Ni* -5.50
Zn* -5.66
Na* -3.74

K* -2.54
Fe?* -4.32

3.4 Response time and lifetime

The response time of an ion-selective electrode is also another critical parameter in terms of
analytical application. The dynamic response time of the electrode was tested by measuring the
average time required to achieve a 95% value of steady potential for an iron solution, after the
electrode was submerged sequentially in a series of iron(lll) solutions, each having a 10-fold
difference in concentrations. The average static response time was obtained with in <10s (Figure 5) at
various activities 1.0x10 >-1.0x10 2 M of the test solutions.

The electrode was daily tested for 2 months. Stable and reproducible signals were acquired
during this period. It was observed that the slope of the electrode drifts only by 1.0 mV decade™ from
56.1-55.1 mV/decade during the time period of 2 months and detection limit is increased by a small
factor. After that, the slope of the electrode decreased gradually whereas the detection limit increased.
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Figure 5. Dynamic response time of the suggested electrode for step changes in the concentration of
Fe*.

3.5 Reproducibility and repeatability of the electrode response

The reproducibility of the electrode was investigated by a series of four membrane with similar
composition (No 1) and the response of these electrodes to Fe** ion concentration were tested. The
calibration curves were plotted to investigate the repeatability and reproducibility of the proposed
electrode. The same electrode was used during four replicate measurements for the repeatability study
of the electrode while the responses of four similar electrodes to Fe** ion concentration were tested for
the reproducibility of the electrode in the concentration range of 1.0x10™ -1.0x10° M of iron(111)
solutions, and shown in Table 3. The results reveal that the standard deviation of measurements of
1.0x10™' M to 1.0x10 ° M of Fe** solution with these four electrodes was +1.66 mV. The lower values
of the coefficient variation also showed repeatability, reproducibility and precision of the all solid-state
contact iron(l11)-selective electrode.

Table 3. Repeatability and reproducibility of the iron(111)-1SE.

Nernstian slope Sp#
(mV/decade) Average (mV) CV° (%)

52.63, 55.29, 56.14,

Reproducibility 56.14 55.05 1.66 3.02
55.91, 56.14, 56.20,
Repeatability 56.31 56.14 0.22 0.40

33D, standard deviation,” CV, coefficient of variation.
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3.6 Analytical applications

Since the proposed electrode worked well under laboratory conditions, the analytical validation
of this membrane electrode was applied as an indicator electrode for the determination of iron in acid
mine drainage and soil samples by direct potentiometry using the calibration graph and inductively
coupled plasma optical emission spectrometry (ICP-OES) analysis methods. The method was repeated
several times to check the accuracy and reproducibility of the proposed method.

3.6.1 Determination of iron(l11) in acid mine drainage sample

The acid mine drainage sample was collected from Brubaker Run (Pennsylvania, USA), and its
physico-chemical conditions analyzed in-situ and showed in Table 4. About 10 mL acid mine drainage
sample (Table 5) was transferred to a 25 mL beaker and then iron(111) ion content was determined via
potentiometric calibration by using the fabricated electrode in order to validate the accuracy of
fabricated electrode in acid mine drainage samples (Table 5).

Table 4. Field sampling from Brubaker Run and Physico chemical conditions (measured in situ) of the

sample.
WGS84 Coordenates
Latitute Longitude Accurac Temperatu Conductivity DO% DO pH ORP
(decimal (decimal 'y (m) re(°C) (mS/cm) (mg/L) (mV)
degrees) degrees)
40.617110 78.476344 5 11.36 2.072 10.5 1.14 330 361.3
N W

DO: dissolved oxygen, ORP: oxidation-reduction potential

Table 5. Determination of iron(l11) ions in different samples matrices by the fabricated electrode.

Sample Iron(111) content in different samples (M)
Potentiometric method? ICP-OES?
Peat soil (1) (2.03+0.11)x107 (1.98+0.1)x10™
Peat soil (2) (6.23+0.11)x107 (7.060.1)x107
Acid mine drainage (2.14+0.07)x10™ (1.98+0.1)x10™

#Mean valuexstandard deviation (three measurement).

3.6.2 Determination of iron(l11) in soil samples

Soil samples were dried and added to 15 mL of distilled water in a beaker. Then, it was
allowed to stay overnight to extract iron(ll1) ions to the solution and filtrated with Whatman filter
paper. The pH of the prepared soil solution was adjusted to 4.6 with concentrated HNOs3, iron(l11) was
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determined by potentiometric calibration method as described above (Table 5). As seen in Table 5, the
results obtained by potentiometric method were in good agreement with the reference methods for all
sample types studied.

3.6.3 Potentiometric titration

The proposed iron(I11) ion-selective electrode was also successfully employed as an indicator
electrode in the titration of 50 mL of Fe®*" solution (1.0x10* M) with a standard EDTA solution
(1.0x102 M), and the resulting titration curve was shown in Figure 6. As can be seen from Figure 6,
the potential values declined because the free iron(l1l) ions concentration decreased by adding EDTA
to the solution because of its ability to form a complex with EDTA. The potential response after the
end point of the curve remained constant due to a 1:1 stoichiometry of the EDTA-Fe** complex.
Therefore, iron(l11) ions concentration can be determined accurately by employing this electrode as an
indicator electrode.

1320

1
/

1300 -~

mV)
/
/

W 1280 AL

1260

1240 T T 1 1
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Figure 6. Potentiometric titration of 50 mL of iron(l11) (1x10™* mol L'1) with EDTA (1x10 mol L™).

3.7 Comparison study

Several iron(l11)-selective electrodes reported in literature were compared with our work with
respect to response time, pH, linear range and detection limit [41-47] in Table 6. We concluded that
the fabricated electrode was comparable with regard to parameters such as detection limit, linear range,
response time, pH and, concentration range (Table 6).
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Table 6. Comparison study of the developed iron(l11) selective electrode with other electrodes.

11385

No

lonophore

Linear Range
(M)

Detection
limit (M)

Respons
e time

(s)

pH
range

Ref.

-

N

w

This
wor

2-[(thiophen-2-
yl)methyleneamino]is
oindoline-1,3-dione

N,N"-bis(2,6-
diisopropylphenyl)-
1,4-diaza-1,3-
butadiene)

(2-Hydroxymethyl-
15-crown-5)

2-methyl-6-(4-
methylenecyclohex-
2-en-1-yl)hept-2-en-
4-one
0-
ethylacenaphtho[1,2-
b]quinoxaline

Phosphorylated
Calix-6-Arene
Derivative
(E)-N"-((2-
hydroxynaphthalen-
3-
yl)methylene)benzoh
ydrazide

morin-Fe?* shiff-base
complex

1.0x1072 - 1.0x10°
6

1.0><10'26- 1.0x10°
1.0><10'26- 8.0x10°

1.0><10'27- 4.3x10°
5.0><10'27- 2.3x10°

1.0x107%-1.0x10*

1.0><10'29- 5.0x10

1.0x10°%- 1.0x10"

5.0x107

4.5x107

1.2x10°

4.3x107

0.6x107%

1.0x107°

1.0x10°

4.5%x107

10

10

25

10

<10

2.3-4.8

2.1-6.0

1.5-6.0

2.9-7.1

4.0-7.0

2.4-4.0

5.0-
10.0

[41]

[42]

[43]

[44]

[45]

[46]

[47]

4. CONCLUSION

In this study, we presented a simple, cost effective, portable analysis method to determine

iron(l11) ions by a new miniaturized all-solid-state contact iron(lll)-selective electrode. The results
revealed that the developed electrode exhibited fast, selective, sensitive and repeatable response
behavior in a wide iron(l11) ion concentration range of 1x10° - 1x10™ mol L™. The electrode was
successfully used as the indicator electrode for potentiometric titration of EDTA and, rapid
inexpensive in-situ analysis of iron(lll) ions of acid mine drainage and soil samples with good
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accuracy. For future studies, we aim to use this electrode in flow injection analysis focusing on
continuous environmental sample monitoring.
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