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Magnesium is an alkaline earth metal that is found in some types of biological sample. One
of the responsibilities of medical biological laboratories is the measurement of magnesium.
In this study, the metal layer of the surface plasmon resonance sensor was improved using
polypyrrole-chitosan/nickel-ferrite nanoparticles to enhance the sensitivity and selectivity of the
sensor. The composite layer of polypyrrole-chitosan/nickel-ferrite nanoparticles was prepared
by the electrochemical method on a gold-coated glass slide. The measurements were conducted
at room temperature with different concentrations of magnesium. In order to determine the
selectivity of the sensor, its response was compared with the results obtained in the presence
of sodium and calcium ions. The sensitivity limit of the sensor was about 0.1 mg/L, and the
response time of the sensing layer was about 350 s.

1. Introduction

Magnesium (Mg) is present in biological tissues," the environment, and industrial
materials.?) Mg reacts readily with most alkalis and many organic chemicals, such as

hydrocarbons, aldehydes, phenols, amines, and some natural oils.3

Mg can be used as a
catalyst, for photoengraved plates in the printing industry, and for the reduction and purification
of sulfur from iron and iron alloys. It can also be used in the dehalogenization process in
some chemical reactions to initiate organic reactions, and it serves as a reducing agent for
producing high-purity uranium and for flashbulb photography.(s) Highly sensitive analytical
methods are usually used to detect and measure magnesium in water, food, blood, fuel, oil, and
agricultural products. These analytical methods include atomic absorption spectroscopy,(&g)

atomic emission spectroscopy,'” inductively coupled plasma emission spectroscopy, ™1
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spectrophotometric simultaneous determination of magnesium based on the classic least-squares
method,'® the colorimetric technique,m) and flame atomic absorption spectrometry.(lg)

Some of the limitations associated with the methods listed above are the chemical knowledge
required to utilize them, the high cost of the instruments, the need to calibrate the devices
before use, their lack of portability, and their nonlinear calibration curves. The surface plasmon
resonance (SPR) technique is a versatile, accurate, and portable method that can detect heavy
metals, biological components, and toxic chemicals.'” The SPR technique is an optical method
that is based on changes in the refractive index of the sensing layer during chemical binding or
the association process.??

In order to improve the sensitivity, selectivity, and response time of SPR sensors in detecting
Mg, the gold layer must be modified using a special chemical layer, such as a polymer, or a
conductive polymer.al) Polypyrrole-chitosan,(22’23) nickel nanoparticles,(z“’%) and ferrite
nanoparticles have the potential to detect toxic chemicals (heavy metals) and biological
molecules.?” 2 Polypyrrole, chitosan and nickel ferrite nanoparticles altogether can capture
the metal elements. In a previous research,®? the nickel-ferrite nanoparticles were magnetized,
and they could absorb paramagnetic heavy metal such as Ni, Fe, and Co. In previous work, the
effect of nickel ferrite nanoparticles was used to detect the ferromagnetic, paramagnetic, and
diamagnetic heavy metals. Hence, the sensitivity and selectivity increased.®?)

In this study, the concentrations of magnesium, potassium and sodium ions were measured
by the SPR technique in aqueous solution. The gold layer was modified using PPy-Chi/
NiFe,04-NP to improve the selectivity and sensitivity of the sensor. The sensitivity and
selectivity of the SPR sensor were achieved through comparison of the results of the detection

of magnesium, sodium and potassium ions in aqueous solution.

2. Materials and Methods
2.1 Preparation of heavy metal ions

For the preparation of the metal ions including Mg?*, Na*, and K* in aqueous solution, 1 g of
MgS0O4, NaySO4, and K,SO4 were each dissolved in 1 liter of distilled deionized water (DDW)
to produce 1000 ppm solutions. Then, other concentrations, including 0.1, 0.5, 1, 5, 10, 25, 50,
and 100 ppm, were prepared by systematic dilution of the 1000 ppm solutions.

2.2 Preparation of NiFe;O4

An aqueous solution of polyvinylpyrrolidone (PVP) was prepared by dissolving 3.5 g of
polymer in 100 ml of DDW at 343 K. Then, 0.2 M of iron nitrate and 0.1 M of nickel nitrate
(Fe:Ni = 2:1) were placed in the polymer solution that was stirred for 2 h using a magnetic
stirrer. At the end of the 2 h period, a colorless, transparent solution was obtained. The solution
was poured into a glass Petri dish and heated in an oven at 353 K for 24 h to evaporate the water.
The dried orange solid that remained was crushed and ground for 20 min in a mortar to form
powder. The calcination of the powder was conducted at different calcination temperatures
for 3 h to decompose the organic compounds and crystallize the nanocrystals.®) Magnetic
characterization of the nickel ferrite nanoparticles was performed using a vibrating sample
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magnetometer (VSM) (Lake Shore 4700) at room temperature with a maximum magnetic field
of 15 kOe.®”

2.3 Preparation of PPy-Chi/NiFe;O4-NP layer

The gold-coated glass slide was prepared with a sputter coating of 49 nm thickness prior to
the electrodeposition of the PPy-Chi/NiFe,04-NP G% composite layer.

The PPy-Chi/NiFe;O4-NP composite layers were fabricated by electrochemical
polymerization of distilled pyrrole in the presence of NiFe;O4 nanoparticles. NiFe,O4
nanoparticles were dissolved in the mixture of the sodium dodecylbenzensulfonate (SDBS) and
DDW. NiFe;O4 nanoparticles with a 0.03% weight ratio to the pyrrole monomer were dispersed
in a SDBS solution, and were sonicated for 8 h to disaggregate any nanoparticle bundles. The
ratio of NiFe;O4 nanoparticles to SDBS was 1:10.

Prior to the electrodeposition, 0.7%w/v of chitosan was dissolved in acetic acid at room
temperature. Then the mixture of NiFe;O4-NPs and SDBS solution was dispersed in the
chitosan solution and while the solution was mechanically stirred, the pyrrole was added to
the mixture. The PPy-Chi/NiFe;O4-NP premixed solution was electropolymerized at +1.2
V in a three-electrode electrochemical cell. A gold-coated microscope glass slide electrode
was used as a working electrodes. A graphite rod and a saturated calomel electrode were
used as the counter and reference electrode, respectively. The electrodeposition of layers was
carried out at room temperature using an electrochemical instrument (VersaSTAT 3, Ametek,
Princeton Applied Research), and the deposition time was changed from 68 to 510 s to control
the thickness of PPy-Chi/NiFe;O4-NP nanocomposite. The final PPy-Chi/NiFe,O4-NP
thin layer was washed with water and methanol to remove the electrolyte solution and dried
under a vacuum at 23 °C for 12 h. The PPy-Chi/NiFe,O4-NP layers were characterized by
field emission scanning electron microscopy (FE-SEM, Hitachi, SU8000 Series), and energy
dispersive spectroscopy (EDX, Oxford Instruments, X-Max).

2.4 SPR test

Figure 1 shows the SPR setup. The SPR setup was arranged with a high-index prism based
(20-22) A high-index prism (ZF52, Foctek) was used to
generate the SPR signals, and the aqueous solution flowed into the tank that was attached to the
prism. The sensing layer was attached to the prism using liquid index gel. The surface plasmon
waves were excited by the transverse mode (TM mode) of a He—Ne laser (632.8 nm, 5 mw)
after passing through the polarizer. The SPR signals were registered using a silicon detector
to draw the sensogram. The experiment was repeated 10 times for each ion. The SPR signals

were analyzed by the matrix method based on the Fresnel equation to obtain the shift of the
(21,22)

on the Kretschmann configuration.

resonance angle.

3. Results and Discussion
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Fig. 1. (Color online) Sensing layer attached to the high-index prism from an uncoated microscope glass slide.
The ions were bound to the sensing layer (PPy-Chi/NiFe304-NP composite).

0 58.577 0 58.592
I 1

0.5 3—.’\/ o5t 4
0 58.615 0 58.624
1 1

Reflectance
(=]
Wi

é 9
Reflectance
(=)
W
2

© 1 Baseline i ) 0 58.631 58.63
Q
=1 | 1
8
& 58.563 0 58.632 0 58.631
0
30 10 50 60 70 30 40 50 60 70 30 40 50 60
Angle (deg) Angle( deg) Angle (deg)
(@ (b)

Fig. 2. (Color online) (a) SPR signal at the baseline and (b) SPR signal corresponding to the detection of Mg
ions at a concentration of 0.1 ppm. The SPR signals were presented at each experiment from the first to 10th
experiments.

Figure 2 shows the baseline SPR signal that was obtained in the presence of DDW. The
thickness and the refractive index of the PPy-Chi/NiFe,O4-NP thin layer were 25.5 nm and
1.6342+0.166i, respectively. The resonance angle of the SPR signal at the baseline was 58.563°.
Afterwards, solutions containing different concentrations of Mg ions, i.e., 0.1, 0.5, 1, 5, 10, 25,
50, and 100 ppm, were introduced separately into the fluid tank to conduct the experiments and
register the SPR signals. In order to obtain the sensogram, the variation of resonance angle with
time should be registered. In this study, the experiment was repeated ten times for each sample.
Figure 2(b) shows the SPR signals belong to the lowest concentration of Mg ions (0.1 ppm)
during the binding of Mg ions on the surface of the sensing layer. Figure 2(b) shows the SPR
signals from the first experiment to the 10th experiment. The resonance angles were achieved
from SPR signals at different times. Mg was bound on the surface of the sensing layer, and the
angle of resonance was shifted from 58.577° to 58.632°. The experiment was repeated for the
other concentrations of Mg ions to obtain the associated SPR signals. The variation in the shifts
of the resonance angles with time is shown in Fig. 3. The sensogram shows that the variation of
the resonance angle increased as the time and the concentration of the Mg ions increased.

The plotted points in Fig. 3 are the experimental data that were derived by subtracting
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Fig. 3. (Color online) Variation in the shift of the resonance angle versus time: (a) Mg, (b) Na, and (c) K ions.

the resonance angle at each time from the resonance angle at the baseline. The shift of the
resonance angle was due to the ions being bound on the surface of the PPy-Chi/NiFe;O4-NPs
in the association process. The solid lines show results calculated using Langmuir’s first-order
adsorption model {A0 = Af,[1 —exp (—kat)]},(32’33) and they fitted well with the experimental
data. The terminal value of the shift of the resonance angle (Afy,), the rate constant (k,), and
the response time of the sensor were calculated for each concentration of Mg, Na, and K ions
using the sensogram based on Langmuir’s first-order adsorption model. As a result, the terminal
value was achieved at 350 s. Consequently, the response time of the sensor is 350 s. The
numerical values are listed in Table 1. Figure 4 shows the variation of the shift in the resonance
angle at the terminal value (A#y,,) versus the concentration of ions (C), and the solid lines were
AOyux X C X K (34)

1+KC
function of the concentration of ions (C), the maximum shift of the resonance angle (A8,,,,) and

the affinity constant (K). In order to determine A8y, and K, the minimum square-root method
was used to fit the Langmuir equation to the experimental data. The numerical values of the

calculated using the Langmuir equation, Af, = The terminal value is a

parameters are provided in Table 1.

The concentrations of Mg, Na, and K ions that were attached to the PPy-Chi/NiFe;O4-NP
composite layer were measured by inductively coupled plasma mass spectroscopy (ICP-MS)
after using 5 ppm solutions. The sensing layers were immersed in HNO3 (2 M) separately, and
the ions were released from the layer to the liquids. The concentrations of the released ions
were measured with an accuracy of about 0.001 mg/L, and the results are presented in Table 2.
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Table 1
Terminal value of the shift of the resonance angle (Afs,), the maximum shift of the resonance angle (A8,,,y), and
the affinity constant (K) for Mg, Na, and K ions.

Concentration Mg Na K
(ppm) Abs Absu AOyqy
0.1 0.076 0.044 0.02
0.5 0.33 0.19 0.092
1 0.56 0.4 0.16
5 1.23 0.81 0.43
10 1.51 0.95 0.62
25 1.70 1.13 0.72
50 1.74 1.16 0.76
100 1.83 1.21 0.82
ABrax 1.842 1.232 0.8336
K 0.4233 0.3717 0.2358
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Fig. 4. (Color online) Variation in the shift of the resonance angle with the concentration of Mg, Na, and K ions
during bonding with the sensing layer.

Table 2
Concentration of ions before and after the experiments.

Concentration of ions in solution  Concentration of ions in Concentration of ions released

Sample before experiment solution after experiment from sensing layer in HNO3 E (%)
(ppm) (ppm) (ppm)
Mg 5.003 0.683 4.18 86.3
Na 4.985 1.045 3.74 79.03
K 5.012 1.862 2.96 62.8

If Co and Crare considered to be the concentrations of the ions in the initial and final solutions,
respectively, the degree of adsorption of Mg, Na, and K ions on the sensing layer is estimated as

E =100 x (Co — Cr)/Co. Q)
The Mg ions showed the maximum degree of adsorption. Consequently, the variation of the

shift of the resonance angle for the Mg ions was the largest, and the variation of the shift of the
resonance angle for K ions was the smallest.
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The PPy-Chi/NiFe;04-NPs composite layer contained chitosan and NiFe,O4-NP. The main
elements for the absorption of Mg ion was chitosan and the magnetic properties of NiFe,O4-
NP. Chitosan was poly(b-1-4)-2-amino-2-deoxy-p-glucopyranose, obtained by a full alkaline
N-deactylation of chitin. The amino (-NH2) and hydroxyl groups (—OH) on the chitosan chains
can adsorb metal ions, and the affinity of chitosan corresponds to the metal ions.®> Therefore,
the amino group of chitosan is the principal group involved in binding metal ions, and it is
generally accepted that metal ions are immobilized on chitosan via four amino groups in the
square-planar geometry.3®

NiFe;O04-NP exhibited ferromagnetic behaviour and it generated a magnetic field around
the thin layer. This magnetic field induced a magnetic moment on Mg ions near the layer,
which adsorbed the Mg ions. Consequently, the magnetic nanoparticles assisted the chitosan
to adsorb and bind the Mg ions to the PPy-Chi/NiFe;O4-NP composite layer, and when the Mg
ions bound to the sensing layer, NiFe,O4-NP caused the sensing layer to hold the ions and the
terminal value was rapidly achieved.

4. Conclusion

The polypyrrole-chitosan/nickel-ferrite-nanoparticle composite was used to detect and
measure the concentrations of Mg, N, and K ions in aqueous solutions. The sensing layer was
prepared by the electrochemical method. The thickness of the sensing layer was 49 nm, and it
could detect Mg ions with greater sensitivity than the Na and K ions. The concentration of Mg
ions that were bound on the sensing layer was higher than those of other ions. The detection
limit of the sensor for Mg ions was about 0.1 ppm, and the shifts of resonance angle for
detecting Mg, Na, and K were 1.842°, 1.232°, and 0.8336° respectively. Hence, the sensing layer
was highly sensitive for detecting Mg ion.
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