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Metallochromic nanofibrous membranes for the detection of iron(IIl) in aqueous solutions were developed
from a composite of polycaprolactone and polylactic acid (PCL/PLA) as the hosting material and tannin as an
active detection probe. The reported sensor is simple, easy to use, quick, portable, and accurate. The coloration
parameters showed that binding the ferric ions to the phenol hydroxyl groups of the tannin probe resulted in
an obvious change in colorimetry from 409 nm (colorless) to 580 nm (purple), demonstrating a bathochromic
shift. A direct correlation was monitored between the ferric concentration and the visible color change. A
coordination complex formed between Fe*" and phenolic tannin provided the rationale for the detection of
ferric ions. Transmission electron microscopic (TEM) analysis of Tannin/Fe* complex nanoparticles indicated
diameters in the range of 6-23 nm. An average diameter of 100-420 nm was revealed for the electrospun
nanofibrous film. The detection range was determined as 0.5-125 ppm, with a detection limit of 0.5 ppm. The
tannin-encapsulated PCL/PLA has shown high selectivity as compared to other metallic salts. The optimum
conditions for identification of Fe?* were monitored in the pH range of 4.0-6.5. In comparison to other detection
techniques, the present assay is advantageous in terms of environmental safety, simplicity, rapidity, low cost,

and ease of operation.

1. Introduction

Iron has been a major contaminant in water sources. It is the most
prevalent heavy metal in the human body, as it has vital functions in
biological organs [1,2]. Various proteins use iron as a catalytic agent in
the oxidoreductase reaction and as an electron and oxygen-transporting
agent. Owing to great potential toxicity, the circulation of iron is
controlled in biological organs [3,4]. The shortage of iron leads to poor
transportation of oxygen to living cells, resulting in weak immunity,
whereas excessive concentration levels of iron in living cells catalyze
the generation of active oxygen species [5-7]. These oxygen species
cause changes in lipids, proteins, and nucleic acids. The toxic effects of
iron on living cells usually cause acute disorders, such as Parkinson’s,
Alzheimer’s, and Huntington’s [8-10].

Many analytical methods have been described for the detection
of poisonous iron(Ill), including voltammetry [11-13]. However,
these traditional methods require trained personnel, tedious
sample preparation, a sample destruction procedure, complicated
instrumentation, time consumption, and/or high cost. Therefore, the
simple colorimetric tools have been beneficial over other detection tools
that require complicated instrumentation and/or procedures [14,15].
Colorimetric sensors have been widely used for the identification of
harmful chemical agents, such as phenols, pesticides, and ammonia,
due to their cost-effectiveness and ease of use, though sensitivity and
selectivity depend on the probe used [16-18]. Therefore, scientists

have recently focused on the development of efficient colorimetric
detectors for iron(IIl) [19,20]. However, the preparation of a practical
colorimetric detector for iron(III) has been a challenge due to the
poor properties of synthetic probes, such as complicated preparation
procedures, poor selectivity, weak sensitivity, and nonbiodegradability
[21,22]. Solid-state sensors are characterized by operational simplicity,
portability, and cheapness. Solid-state colorimetric sensors have been
used as portable tools for laboratory and household assays [23]. In
contrast to bulk materials, PCL/PLA nanofibrous membranes have
shown a lightweight, high surface area, and better diffusion [24]. The
non-cytotoxicity, high abundance, biodegradability, biocompatibility,
renewability, and high absorption ability of PCL/PLA membranes
make them promising for use in various fields, such as environmental
and medicinal monitoring. Additionally, many reactive agents proved
compatibility to produce simple composites of polycaprolactone/
polylactic acid (PCL/PLA) [25]. Tannin is a biologically active
polyphenol extracted from natural plants. It has various applications in
tanning, metallurgy, foodstuffs, and cosmetics [26-29]. Tannin consists
of plentiful phenolic hydroxyls, imparting remarkable biological and
pharmacological activities, as well as excellent chemical and physical
characteristics [30]. Tannin can interact with polysaccharides, metals,
and proteins via coordination bonding to display different ecological
and physiological impacts [31,32]. When the pH value is lower than
its pKa value, tannin can also function as an active site for hydrogen
bonding [33].
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Electrospinning is a cheap methodology for the formation of
nanofibers from various materials, such as polymer composites [34-
36]. Electrospun membranes are distinguished by a miniaturized
diameter and high surface area. Additionally, a fiber diameter can be
easily controlled by adjusting the spinning conditions and parameters
[37]. Electrospun membranes have been employed in various fields,
such as environmental remediation, tissue engineering, sensors and
biosensors, filtration systems, solar cells, and protective clothing
[38-43]. Herein, we present the development of electrospun tannin-
encapsulated nanofibrous membranes from a tannin phenolic indicator
as a spectroscopic probe and PCL/PLA as a hosting agent for the
colorimetric identification of iron(III). The current tannin-encapsulated
nanofibrous membrane with a high surface area can be used for efficient
sensing purposes.

2. Materials and Methods

2.1. Materials

PLA (Mw 1.20 x 10° g/mol, L-lactide content of 88%) and PCL
(GPC: Mn ~10,000, Mw ~14,000) were provided by Sigma-Aldrich
(Germany). The analytical grade chemicals were acquired from Merck
(Germany), including sodium hydroxide, hydrochloric acid (37%),
tannic acid (ACS reagent), and absolute ethanol. The heavy metal salts
were purchased from Sigma-Aldrich (Germany), including K,SO,, NaCl,
CuCl,, CoSO,, BaCl,, MgCl,, HgCl,, ZnCl,, NiCl,, CaCl,, CdCl,, MnCl,,
FeCl,, CrCl,, and AICl,. The appropriate amounts of the metal salts
were dissolved in distilled water to prepare stock aqueous solutions.
The working solutions of the metal salts were prepared by diluting the
respective stock solutions with distilled water.

2.2. Electrospinning of tannin@PCL/PLA

The PCL/PLA nanofibers were developed under ambient conditions
according to previously presented procedures with slight modifications
[25]. A mixture of PCL (70% w/w) and PLA (30% w/w) was dissolved
in a mixture of dimethylformamide/chloroform (1:1 v/v) and stirred
for 9 h. The provided solution was sonicated at 25 kHz for 20 min and
then admixed with the tannin probe at various contents, including 0%,
0.5%, 1%, 1.5%, 2%, and 2.5% w/w of tannic acid to PCL/PLA. The
produced solutions were represented by TA, TA , TA,, TA,, TA,, and
TA,, respectively. The provided combinations were homogenized for 45
min. The electrospun nanofibers were injected from a plastic syringe (15
mL) filled with the spinnable fluid (10 mL). The produced nanofibers
were dried in a vacuum oven at 45 °C. According to a previously
reported method [39], the nanofibrous membranes were treated with
oxygen plasma for 15 min to improve the membrane hydrophilicity
and then placed in a dry box. Scanning electron microscopy (SEM)
and energy-dispersive X-ray (EDX) were used to conduct the structural
characterization of the produced fibers.

2.3. Electrospinning device

An electrospinning apparatus consists of a power source, a syringe
pump, and a collector that is a 10 cm diameter and a 30 cm long
grounded metal drum. A spinning speed of 180 rpm was used to collect
the nanofibers under ambient conditions. The tannin-containing PCL/
PLA solutions were released from a plastic syringe at a regulated flow
rate of 0.9 mL/h, using a programmable pump. The plastic syringe had
a needle tip (stainless steel; 1.27 mm) linked to a DC voltage supply. A
high electric voltage of 30 kV was applied to ensure uniform nanofiber
formation with controlled diameter and morphology. The collector was
positioned at the exact middle of the syringe pump’s needle tip. The
collection system and the needle tip were spaced 20 cm apart to allow
for better airflow. A wooden fume hood with a ventilation system was
used to conduct the electrospinning operation at room temperature and
humidity.

2.4. Colorimetric identification of iron(IIl)

The metallochromic membrane determined the presence of ferric
under ambient conditions. The membrane had a thickness of 360 pm,
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a length of 2 cm, and a width of 2 cm. Various quantities of ferric
chloride (0.5-125 ppm) were dissolved in distilled water at a pH of
7. The coloration measurements were determined after immersing
the nanofibrous sensor film in aqueous solutions of FeCl, for 3-5 s.
Moreover, aqueous media of other heavy metallic salts (125 ppm) were
tested, including K,SO,, NaCl, CaCl,, CdCl,, MnCl,, BaCl,, ZnCl,, NiCl,,
HgCl,, CoSO,, CuCl,, MgCl,, CrCl,, and AICL,.

2.5. Characterization methods
2.5.1. Morphological analysis

Using VEGA3 TESCAN (Czeck Republic), SEM images of the
nanofibrous films were examined at an acceleration voltage of 20 kV
and a resolution of 7-15 kx. ImageJ software was employed to measure
the fibrous diameters on SEM images. Using EDX (TEAM Model)
paired to SEM, we were able to assess the elemental compositions of
the produced fibers. EDX analysis of TA, was performed before and
after immersion in an aqueous solution of ferric ions. A JEM-2100 Plus
(Tokyo, Japan) was employed to measure the structural features of the
Tannin/Fe® complex nanoparticles at an acceleration voltage of 200
kv.

2.5.2. Mechanical screening

A FX-3300 Textest was employed to evaluate the air permeability,
using standard procedures (ASTM D-737) [44]. The stiffness of tannin-
encapsulated nanofibrous membranes was investigated by a Shirley
stiffness apparatus, using a British procedure (3356:1961) [45].

2.5.3. Colorimetric analysis

Using an Ultrascan Pro (HunterLab, U.S.A.), the coloration
measurements of the fibrous membranes were studied. The color change
was tracked by the color strength (K/S), CIE Lab space coordinates, and
absorption spectra, where b” is the blue(-b")/yellow(+b") axis, L" is the
white(100)/black(0) axis, and a” is the green(-a”)/red(+a") axis [46].

2.5.4. Statistical screening

The statistical analysis was reported by GraphPad Prism software
(version 6.0, San Diego, CA, USA), using the one-way ANOVA
calculation system. The experimental procedures were replicated thrice
and the findings were recorded as the average + standard deviation
(SD).

3. Results and Discussion

3.1. Morphology of chromic fibers

Various contents of tannin were combined with a viscous solution
of PCL/PLA. The viscous solutions were electrospun to create tannin-
immobilized PCL/PLA membranes. The electrospun PCL/PLA formed a
nanofibrous network with a high surface area. The morphology of the
produced membrane was examined, as shown in Figure 1. SEM images
showed that the tannin probe is embedded within the electrospun
sensor nanofiber because no particles were detected on the fiber
surface. The thin nanofibrous membrane showed a random orientation
of its fibers and was highly sensitive to ferric ions. This high sensitivity
is attributed to the good interconnectivity, high surface area, and high
porosity of the assembled membrane. These characteristics allowed the
analyte (Fe®') to diffuse throughout the mesh of a fibrous membrane
to activate the tannin sites. The tannin-immobilized nanofibrous film
was fabricated via electrospinning, optimizing tannin content, flow
rate, collector distance, and applied voltage. The morphological and
spinnability characteristics of the tannin-encapsulated PCL/PLA fibers
were enhanced by changing these factors. A 3D porous film is the result
of applying a high voltage to a viscous solution. A nonwoven mat was
formed by the assembled fibers, which had diameters ranging from 100
to 350 nm for the tannin-free nanofibers (TA ) and diameters ranging
from 100 to 420 nm for the tannin-containing nanofibers (TA,). When
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Figure 1. SEM images of electrospun nanofibrous membranes at different magnifications, including (a-c) TA and (d-f) TA,.

Table 1. EDX analysis of TA, before and after immersion in an aqueous
medium of ferric chloride.

Sample Carbon Oxygen Iron
Before 64.61 35.39 -
After 64.31 35.52 0.17

the tannin ratio was increased, no discernible alterations were observed
in the morphology of the resulting nanofibers.

Table 1 shows the EDX analysis of the nanofibrous membrane (TA)
before and after immersion in an aqueous medium of ferric chloride.
Before exposure to ferric, both carbon and oxygen were detected by
EDX due to the structure of PCL/PLA [24]. After exposure to ferric,
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Figure 2.

carbon, iron, and oxygen were detected by EDX due to the structure of
PCL/PLA and the presence of ferric analyte.

Both stiffness and breathability of the textile membranes were
investigated. The membrane air permeability persisted unchanged with
raising the tannin content (Figure 2a), whereas the stiffness slightly
decreased with raising the tannin content (Figure 2b).

3.2. Analysis of metallochromism

Various concentrations of ferric chloride (0.5-125 ppm) in distilled
water were prepared. The TA sample remained colorless even when
exposed to ferric ions. On the other hand, the transparent strips (TA ; X
=1, 2, 3, 4, 5) became purple when exposed to varying amounts of ferric
ions in aqueous media (Figures 3a,b). The TA sensor was submerged in
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(a) Air permeability and (b) bending length for tannin-encapsulated nanofibers. The correlations are recognized high (p < 0.001).
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Figure 3. (a) Color change from transparent at ferric concentration of 0 ppm (b) to
purple at ferric concentration of 125 ppm, and (c) UV-Vis absorption spectra for the TA,
nanofibrous membrane after exposure to Fe(III) solutions at different concentrations
(0.5-125 ppm), showing a bathochromic shift from 409 nm to 580 nm.

the aqueous ferric solution under ambient conditions for 3-5 seconds,
causing a color change from colorless to purple as a function of
increasing the iron(II) chloride concentration level from 0.5 to 125
ppm. As a function of the ferric concentration, different complexes with
varying degrees of purple color are produced by forming a coordination
bond between ferric ions and the phenolic tannin. To determine the
harmful ferric concentrations between 0.5 and 125 ppm, a calibration
profile curve was constructed by measuring their absorption intensities
at 580 nm. Using the tannin-encapsulated PCL/PLA sensor, we were
able to accurately measure an unknown concentration of ferric in an
aqueous solution. Figure 3(c) illustrates the absorbance spectra of TA,
as a function of the ferric concentration. The isosbestic point detected
at 479 nm proved the presence of two different chemical structures,
including Tannin/Fe(III) complex and tannic acid, with two different
colors, including colorless and purple, respectively. The total amount
of ferric chloride in water was determined by a correlation profile, as
shown in Figure 3. An exponentially growing correlation profile was
observed at 580 nm as the Fe(IlI) content increased from 0.5 to 125
ppm. The absorption intensity of TA, at 580 nm remained unchanged
when the ferric concentration was reduced to below 0.5 ppm. This
allowed for the monitoring of a detection limit as low as 0.5 ppm.
Due to the development of a complex between Fe(IlI) and the tannin
hydroxyl substituents, the color change was monitored as the quantity
of Fe(Ill) increased. Based on the variations in absorbance intensity
with increasing the Fe(II) content, the detection limit was determined
to be as high as 125 ppm, beyond which no further increases in the
absorbance intensity (at 580 nm) were observed. Thus, the absorbance
intensity at 580 nm increased with Fe(IIl) concentration up to 125 ppm,
beyond which saturation of binding sites was observed. Consequently,
the current sensor is both simple and efficient, displaying a detection
range of 0.5-125 ppm. A drinking tap water sample was tested by the
TA, membrane to display an absorption wavelength of 580 nm with an
intensity value of 0.769. Using the calibration curve shown in Figure 4,
the iron content in the water sample was recorded at around 0.6 ppm.
The results proved that the current metallochromic membrane can be
used to efficiently determine the ferric content in real water samples.
The absorption spectra have shown that the developed sensor provides
the same optical results after storage for seven months, proving long-
term stability.

An evaluation of the sensor efficiency must take both interference
and selectivity into consideration. This study investigated the
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Figure 4. UV-Vis absorption spectra of the TA4 nanofibrous membrane after exposure
to Fe(III) solutions at different concentrations (0.5-125 ppm), showing a bathochromic
shift from 409 nm to 580 nm.
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Figure 5. Absorption intensities of TA, at 580 nm for various competitive metal ions
(125 ppm).

specificity of tannin-integrated PCL/PLA for Fe(IIl) by analyzing its
behavior with various trivalent, divalent, and monovalent salts, such
as K, Na‘, Zn*, Cu?', Mn?', Hg?, Mg%, Cd*, Co*, Ca?, Ni*!, Ba*, Al**,
and Cr*. Figures 3 and 4 show the absorbance spectra of TA, in the
presence of Fe*, which exhibited an absorption wavelength of 580
nm. As illustrated in Figure 5, the absorption spectra of TA, displayed
a maximum wavelength of 409 nm when no metal ions were present
and when K*, Na‘, Co?, Mn?*, Zn*, Ba?, Cd*, Ni*, Ca*, Cu%*, Hg?*,
Mg%, or Cr®> were present. As illustrated in the absorbance spectra at
580 nm, the tannin-encapsulated PCL/PLA sensor demonstrated an
impressive increase in selectivity for ferric. The detector selectivity to
Fe®" was confirmed when no significant changes were monitored in the
absorbance spectra of other metal ions. However, Al** demonstrated
a modest degree of sensitivity to the tannin-encapsulated PCL/PLA
sensor, having its absorbance spectra monitored at two distinct bands
of 523 nm. This could be attributed to the variable capabilities of metal
ions to establish coordinative bonds with the tannin hydroxyls [4].
Thus, evidently the tannin-encapsulated PCL/PLA sensor is useful for
an easy and simple detection of Fe(IIll) in water by visual inspection.
Figure 5 shows a comparison of the absorption intensity of TA, at
580 nm for some selected metal ions, with a constant concentration
of 125 ppm. The sensor tool can be used for both quantitative and
qualitative identification of the harmful Fe®, since the competing ions
showed negligible effects on TA,. The present film eliminates the need
for complicated instrumental analysis by providing a straightforward
method for naked-eye and real-time determination of Fe®'.
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Table 2. Coloration screening of sensory membranes.

Membrane L a’ b’ K/S
TA, 92.35 2.74 1.62 0.65
TA, 86.02 2.10 2.36 0.94
TA, 82.19 1.98 3.27 1.19
TA, 79.83 1.61 4.14 1.43
TA, 78.95 1.47 4.55 1.77
TA, 78.74 1.22 4.76 1.82

Evaluation of the sensing efficiency was determined by measuring
both CIE Lab and K/S (Table 2). When the overall amount of the tannin
biomolecule was increased, a negligible increase in K/S was monitored.
Based on the tannin concentration, the nanofibrous membranes showed
a wide range of colorimetric parameter values. Increasing the tannin
concentration causes a significant reduction in the L’ value, verifying a
slightly darker color. The positive value of a” dropped while the positive
value of b" rose when the concentration of tannin increased. There
were no discernible alterations in CIE Lab and K/S when the tannin
content was raised from TA, to TA,. Thus, the sensor performance of
TA, showed the optimum colorimetric properties among the tannin-
encapsulated PCL/PLA samples. As shown in Table 3, the TA, sensor
was tested for the determination of Fe®' relative to many other metal
ions (125 ppm). When immersed in separate solutions of Na*, K*, Cu?,
Zn*, Co*, Mn*, Ni*, Cd*, Hg*, Ba*', Ca*!, Mg, or Cr*, the TA, sensor
showed relatively minor variations in CIE Lab and K/S. However, Al**
exhibited weak sensitivity to the tannin-immobilized PCL/PLA sensor
as compared to Fe*. The color strength of TA, was improved in the
presence of ferric.

3.3. Effect of pH

Changing the pH has a noticeable effect on tannin and Fe®*
ions. A stock solution (125 ppm) of Fe®*" in water was prepared. By
adding appropriate amounts from aqueous solutions of NaOH (1 M)
and HCl (1 M), the pH was adjusted within a range of 4.0-6.5. The
produced solutions with varying pH levels had their absorbance spectra
measured. For every solution, the absorbance intensity was recorded.
Figure 6 shows a graph of the absorbance intensity with increasing
pH value. Because Fe® has a high rate of coagulation in the extremely
low pH range (highly acidic medium) [47], there were no discernible
variations in the absorbance intensity of Tannin/Fe* at pH values
below 4.0 and above 6.5. Above a pH value of 6.5, the tannin molecules
form electrolyte complexes with cations by acting as a stiff anion [48].

Table 3. Colorimetric coordinates of TA, in the presence of different metal
salts (125 ppm).

Salt L a’ b’ K/S
Fe(III) 46.92 12.7 -9.39 6.76
AI(III) 59.87 7.21 -5.77 2.02
Cr(II1) 78.62 1.43 4.46 1.63
Cd(1n) 76.63 1.37 4.52 1.88
Cu(ID) 71.39 1.45 4.63 1.67
Mn(II) 79.73 1.54 4.59 1.73
Mg(II) 77.35 1.48 4.13 1.69
Ba(II) 79.2 1.45 4.38 1.71
Zn(I1) 78.75 1.49 4.88 1.63
Co(II) 77.92 1.63 4.23 1.64
Ca(I) 79.16 1.48 4.24 1.56
Hg(I1) 77.77 1.53 4.3 1.59
Ni (I) 76.56 1.42 4.31 1.82
Na(I) 79.59 1.41 4.77 1.86
K@) 79.07 1.57 4.55 1.71
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Figure 6. Impact of pH on the absorption intensity of TA, at 580 nm upon detecting
Fe® (conc. 125 ppm).

With a very acidic pH<4.0, this coagulation prevents the adsorption and
diffusion of ferric throughout the tannin-encapsulated PCL/PLA film.
Contrarily, an increase in absorption intensity was monitored in the pH
range of 4.0-6.5, suggesting a wide variety of possible binding sites for
Fe®* with the tannin sites. The tannin molecular structure has several
hydroxyl substituents that can function as coordinating sites. Therefore,
tannin-encapsulated PCL/PLA can be used as a selective detector for
Fe®'in the pH range of 4.0-6.5.

3.4. Mechanism of metallochromism

Quantitative and qualitative identification of ferric ions in water
was achieved by forming a Tannin/Fe®*" coordination complex, which
changes the tannin color. The current phenolic tannin-encapsulated
PCL/PLA test strip can detect ferric ions in a real water sample. It
was primarily the ferric content that caused the color (bathochromic)
shift from colorless to pale and dark purple. Tannin is supposed to
interact with the backbone of PCL/PLA via hydrogen bonding [49].
Tannin consists of a central glucose unit derivatized with ten galloyl
moieties that can act as chromophore sites. Biophenols have proven to
be effective binding agents for ferric [27-29]. The coordination binding
between tannin and ferric generates a highly stable complex that
acquires a purple color. Thus, the current nanofibrous membranes can
function as a metallochromic selective probe by switching color upon
coordination binding with Fe*" in aqueous media. The tannin indicator
inside the nanofibrous film underwent a partial chromogenic reaction at
low total Fe(III) concentrations owing to partial coordination of tannin
hydroxyls with Fe®". It was observed that the degree of coordination
improved as the Fe(Ill) concentration rose. The degree to which the
tannin indicator and Fe(III) are coordinated determines the spectrum of
colors produced by the TA, sensor, as depicted in Figure 7. The metal-
polyphenol coordination bonding depends on the covalent character of
the coordinate bond, the intrinsic basicity of donor atoms (polyphenol),
and the coulombic repulsion and attraction of charged groups and ions.
In coordination bonds, the polyphenol (tannin) electrons are donated
to the metal (ferric) to generate a molecular orbital with a dipole
moment, which distorts the d orbitals of the metal ion. Additionally,
the formation of a coordinate bond depends on the relative entropy
and enthalpy changes upon binding a multidentate ligand [4,45].
The isosbestic point determined at 479 nm verified the presence of
two different chemical structures, including Tannin/Fe*" coordination
complex and tannic acid, with two different colors, including colorless
and purple, respectively.

The establishment of Tannin/Fe®' coordinative nanoparticles was
verified by the dropwise addition of FeCl,, (0.1 M) to an aqueous
solution of tannin (0.1 M). The Tannin/Fe®*" coordinative nanoparticles
were formed after an hour of vigorous stirring under ambient conditions.
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Figure 7. (a) Proposed mechanism for the metallochromic interaction to generate a
colored complex, and (b) molecular structure of tannin.

Figure 8. TEM analysis of Tannin/Fe** coordinative nanoparticles at different
locations on the sample.

Figure 8 displays the transmission electron microscope (TEM) analysis
of Tannin/Fe®" coordinative nanoparticles, indicating diameters of 6-23
nm.

Heavy metals, such as iron, have been major contaminants in water
sources. Thus, many analytical methods have been described for the
adsorption and detection of poisonous heavy metals [50-54]. Iron
has been the most prevalent heavy metal in the human body [1-7].
Graphene quantum dots functionalized with dopamine [55], silver
nanoparticles functionalized with pyrophosphate [56], interferometric
optical fiber functionalized with carbon dots [57], lanthanide metal-
organic framework [58], nanoparticles of both gold and silver [59,60],
tannin-integrated 3-aminopropyltriethoxysilane [61], and 2-(2’-pyridyl)
imidazole-immobilized nanofibers framework [62] are among the
sensors that have been presented for the identification of Fe®" in water.
However, these material indicators are non-biodegradable, hazardous
to both human health and environment, expensive, non-selective, slow,
and difficult to prepare. In the current study, both PCL/PLA and tannin
are nontoxic, environmentally friendly and biodegradable materials
[27,28,63,64]. It has only come to light that colorimetric sensors
provide a simple, effective, and inexpensive technology to detect
various analytes [65-68]. Therefore, the natural tannin has the potential
to be a very sensitive and selective colorimetric indicator for ferric ions.
It is biodegradable and requires just a few basic steps to be extracted
[32,33]. A limited number of studies have detailed the use of tannin
as a ferric ion sensor with low sensitivity [11-15]. Herein, a detection
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range of 0.5-125 ppm was achieved by the present membrane, which
can be employed as a portable detector. The maximum contamination
level of iron in drinking water is 0.30 ppm [69]. Thus, the current
tannin-encapsulated PCL/PLA membrane with a detection limit of 0.5
ppm can be considered as a practical sensory tool for the identification
of iron toxicity in drinking water.

4. Conclusions

A novel colorimetric tannin-activated nanofibrous PCL/PLA
metallochromic sensor was developed for the detection of Fe(IIl)
ions. The current nanofibrous detector is characterized by sensitivity,
selectivity, simplicity, quick detection, low cost, and portability. A
spectroscopic probe encapsulated in a PCL/PLA nanofibrous (100-420
nm) host was the main key to the detection procedure. Depending on
the quantity of Fe(IIl), the colorless (409 nm) sensor device changes
color (bathochromic shift) to pale or dark purple (580 nm) in an
aqueous environment within the pH range of 4.0-6.5. The current
detection methodology proved to be a rapid method for real-time
identification of Fe®*'. In comparison to other metal ions, including Na*,
K', Zn?', Ca*', Cd?*', Cu?!, Ni*, Mn?*', Ba*', Hg?', Mg?*, Co*, Al**, and Cr®",
the nanofibrous tannin-encapsulated PCL/PLA sensor demonstrated a
high degree of selectivity for the identification of Fe*. A detection
range was tracked from 0.5 to 125 ppm. The generation of a Tannin/
Fe® complex was the main factor in the identification technique.
TEM analysis of Tannin/Fe®*" coordinative nanoparticles displayed
diameters of 6-23 nm. The present detector has proven a real-time
colorimetric determination of iron(Ill) without the necessity for
complications and skilled personnel and/or procedures, in contrast to
other detection technologies that have been previously reported. These
necessitate electronic components and/or advanced equipment and/or
procedures. However, future research should focus on enhancing the
detection limit below 0.5 ppm using more sensitive nanostructures or
functionalized probes. Additionally, the sensor functions within a pH
range of 4.0-6.5. Thus, it should be improved to function in a wider
pH range.
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