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Polymer inclusion membranes (PIMs) are developed to be used as colorimetric
sensors for the simultaneous determination and quantification of Cu(ll), Zn(ll),
Pb(Il) from aqueous solutions using chemometric methods. Different physical
and chemical factors that influence the detection process of the analytes are
studied, i.e., the concentration of the metal cation, the amount of membrane,
and the pH of the solution. The most significant variables within the detection
process in membrane sensors are those that are closely related to the chemical
reaction of the detection, that is, the concentration of the metal cation and the
number of active sites available in the optomembrane. The reversibility and
durability of the signal are evaluated as well. The optomembrane reaches 95% of
the optical signal attributed to the process of formation of the different colorful
complexes in 20 min, regardless of the metal cation. The optomembrane of
CTA—TEHP—PAN presents a very narrow linear interval of response to the
concentration of the cations, Zn(ll) and Cu(ll) ranging from 0.6 to 6 ppm; for
higher concentrations the polymeric detector presents saturation. The
response of the sensor to different concentrations of Pb(ll) is not linear,
which can be attributed to the lack of chemical affinity to generate the
complex in the polymer film. The simultaneous determination of the three
metal cations by three chemometric methods [multivariate curve resolution
(MCR), artificial neural networks (ANNs) and partial least squares (PLS)] is
performed with an experimental central composite design matrix at five
levels and three experimental factors. The construction of the quantification
model is carried out from the information obtained from the VIS spectrum of
the PIMs exposed to the aqueous solutions. The predictive power of the
quantification models for each of the metal cations is evaluated
contemplating the determination coefficient (R?) and the root mean square
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error (RMSE) values. Results favors the use of the PLS algorithm, although due to
the competition for the actives sites of the chromophore, Pb(ll) determination is
not satisfactorily acomplished. Principal component analysis (PCA) is in addition
employed to visualize patterns in the synthesized membranes.
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1 Introduction

The large-scale production of a wide variety of chemical
compounds and their subsequent discharge into natural
ecosystems has caused the global deterioration of the
environmental quality of these areas. Among these chemical
species are metals in aqueous media, which are highly toxic
and represent a serious threat to human health and a major cause
of environmental catastrophes (Tharakeswar et al., 2012;
Zawierucha et al., 2016).

Optical sensors are defined as compact materials capable of
responding with high sensitivity and selectivity to the presence of
metal ions, generating optical information. If the effects and the
information generated on the material are reversible, the material
is said to be a sensor, on the contrary, if the effects are irreversible,
the material is a probe. Sensors and probes for metals are usually
plasticized polymer films or thin membranes doped with an
ionophore, fluorescent compounds, enzymes, chromogenic
agents that react with the analyte (usually metal cations,
anions, or neutral molecules) to produce a change in the
optical properties of the material (color, fluorescence,
refractive index) and whose detection is generally chemical.
Despite the wide variety of selective reagents, some of the
optical indicators react with more than one metal ion, so the
selectivity can be adjusted with a suitable pH. For indicators with
limited selectivity, it is possible to co-immobilize masking agents
such as fluoride to eliminate unwanted interference from the
presence of other metal ions, even some devices contain reducing
agents to convert the analyte through a redox process into more
species related to the chemical detector. The optical response of
the sensors can be interpreted by various spectroscopic methods
such as ultraviolet-visible, infrared or fluorescence spectroscopy.
The sensors can be presented in a considerable variety of devices
in the form of disposable strips, adapted to optical fibers or
capillary devices, among others. In addition, the use of specific
indicators and the possibility of covering a wide spectrum of
wavelengths together with the use of multivariate analysis
techniques improve the quality of the results (Oechme and
Wolfbeis, 1997; Ensafi et al., 2008).

The analysis of the information provided by the sensors can
be better exploited by making use of multivariate analysis
techniques. The objective of multivariable calibration is the
simultaneous determination of several analytes or that of a
single analyte in the presence of a complex matrix that
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participates in the analytical signal. In this sense, univariate
calibration can be considered as a special case of multivariate,
in which a single analyte is determined by measuring the
analytical signal of a single specific variable, in an
interference-free matrix, that is, an ideal situation. In chemical
analysis it is often difficult to obtain situations close to ideality,
there is always some noise in the measurement, the data is
affected by chemical and physical interferences, and the
instrument does not always respond linearly to changes in the
concentration of the analyte. Non-linear responses can be
attributed to instrumental causes, physical or chemical causes
that can cause curvatures in the concentration-response function,
shift in band position or changes in band width (Blanco and
Cerda, 2007). In many cases it may be impossible to do the
physical separation in the previous treatment of the sample and
in other cases it is necessary to quantify the analyte and to know
the interfering substances, making the determination complicate.
With multivariable calibration certain interference and non-
linearity problems can be satisfactorily resolved, in addition to
improving selectivity by signal splicing correcting the interferer
signal mathematically. Simultaneous analyses with optodes have
successfully been reported previously in the literature for the
determination of Zn** and Cd** mixtures using 2-(5-bromo-2-
pyridylazo)-5-(diethylamino) phenol immobilized onto XAD-4
using a single-wavelength kinetic approach coupled with a
regression model (Kuswandi et al., 2001), for the simultaneous
determination of Zn(II), Cd(II) and Hg(II) in water employing
based the  2-(5-bromo-2-pyridylazo)-5-
(diethylamino)phenol (Br-PADAP) complex immobilized on

an optode on
Amberlite  XAD-4 resin using artificial neural networks
(ANNs) (Raimundo and Narayanaswamy, 2003), and more
recently, for the simultaneous detection of Fe(III) and AI(III)
by fixing Alizarin Red S on an inert solid support (Colour
Catcher®) using Partial Least Squares regression (PLS) (Biesuz
etal., 2019), and for Co(II), Ni(II), and Zn(IT) determination with
1-(2-pyridylazo)-2-naphthol (PAN), and Mg(II) and Ca(II)
determinations with Eriochrome Black T (EBT) on the
“Colour Catcher™ support using PLS (Alberti et al., 2020) as well.

As for Kuswandi et al. (2001), they found differences in the
complete reflectance spectra of Zn** and Cd**, but none of the
wavelengths could be selected for any of the complexes, as the
response at a particular wavelength was affected by more than
one metal ion. So, a full-spectrum method was not used. Then by
taking advantage of the differences in the kinetic behavior of the
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systems, it was possible to determine the metals using simple
regression lines. This was done by fitting the slopes of the single-
wavelength kinetic profiles as a function of metal ion
concentration. Although its novelty, the main disadvantage of
the approach is the necessity of evaluating the kinetic profiles
before  quantification. Raimundo and Narayanaswamy
(Raimundo and Narayanaswamy, 2003) used also a non-full-
spectrum method, measuring reflectance intensities at specific
wavelengths to fit the ANN regression models for simultaneous
determination of Zn(II), Cd(II) and Hg(II) in water. Although,
different concentration ratios were employed in both referred
works, the advantage of using experimental design (DoE)
methodologies to ensure independent variations of the metal
ions concentrations, a case of practical implications, was not
explored. In contrast to the cited works, Biesuz et al. (2019) and
Alberti et al. (2020) used DoE strategies and full-spectrum
methodologies to fit PLS regression models to their target
analytes, obtaining excellent results. Despite these PLS and
ANN models, its current authors’ opinion that a comparison
among different chemometrics algorithms using DoE strategies
and full-spectrum methods is still missing in the literature of
multivariate quantitative VIS sensor analysis.

Polymeric inclusion membranes (PIMs) are a kind of
membranes which has been employed to recover numerous
metal ions and some very small organic compounds. The
nature of the PIMs depends on the components used in their
preparation, which in turn depends on the analyte of interest to
be determined. In general, they are composed of a base polymer, a
carrier that can be an acid, a base, chelating agents, or
macrocyclic compounds (depending on the application) and a
plasticizer that together form a thin, stable, flexible, and very
versatile film (Nghiem et al, 2006). And it is precisely its
versatility that has made this type of membrane having
different applications (Almeida et al., 2017), such as its use in
sample pretreatment, passive samplers and as sensors, which is
the application of special interest in the present work. Such
application requires the incorporation of the appropriate
chromophore according to the objective analyte. The use of
PIMs has been reported in the determination of metals and as
chromophores, for example, 4-hydroxysalofen (Ensafi et al,
2008) and 2-aminocyclopentene-1-dithiocarbozyl acid (Ensafi
and Isfahani, 2011) for cadmium, derivatives of rhodamine
(Thakur et al, 2015) for Mercury, or 1-(2-pyridylazo)-2-
naphthol (PAN) for copper (Manori Jayawardane et al., 2013),
as well as other synthetic organic compounds (Aksuner, 2011)
with promising results. However, to the best of our knowledge,
the simultaneous analysis of different metal ions in this type of
optode material has not previously been reported.

Long time ago PAN has been known to have chelating
properties with many metal jons making it suitable as an
indicator in complexometric titrations (Cheng and Bray,
1955). It acts as a terdentate ligand, complexing with metals
through the hydroxyl oxygen atom, pyridine nitrogen atom, and
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one of the azo group nitrogen atoms. Metal complexes are
extractable with inert solvents, such as chloroform or benzene,
permitting the extractive-spectrophotometric determination of
Mn, Zn, Cd, Cu, Ni, Co., In, U, Ga and Pd, as the molar
absorptivities of the PAN complexes lie within the range
(2-6) x 10" and the absorption maxima (A.) of the
complexes are usually very different from that of the reagent
(Marczenko and Balcerzak, 2000). Its applicability to metal
determination in waters is favor because the alkali and
alkaline earth metals do not form colored chelates with the
dye (Cheng and Bray, 1955).

Wastewater, especially treated sewage effluents (TSE), are
used for irrigation of agriculture fields in some regions because of
the increasing constraint in the availability of fresh water for
irrigation, particularly in urban and peri-urban centers (Sayo
et al,, 2020). The heavy metal ion content in such effluents varies
in the low ppm range (Al-Musharafi et al., 2013; Sayo et al,,
2020). Then, to ensure the safe use of TSE for irrigation, it is
important to conduct continuous monitoring and pollution
control in such samples in a practical, fast, and economical
form. Considering this, the aim of this work is to develop and
evaluate the performance of a PIM optomembrane dopped with
PAN for the colorimetric identification and simultaneous
quantification of three selected metal cations, Pb(II), Cu(II)
and Zn(II), in aqueous phases using the MCR (multivariate
curve resolution), ANNs, and PLS chemometric techniques.
Principal component analysis (PCA) was used as well to
explore common characteristics among the systems. The
target metal ions were chosen so that a wide range of
equilibrium constant values of the complexes with the
chromophore reagent are expected (Cu(II) > Zn (II) > Pb(II))
(Qureshi and Cheema, 1974), along with slight differences in
their absorption spectra (Cheng and Bray, 1955).

2 Experimental
2.1 Reagents and materials

Cellulose triacetate—CTA—(Fluka) was used as supporting
polymers, tris(2-ethylhexyl) phosphate—TEHP—(97%, Aldrich) as
plasticizers, and 1-(2-pyridylazo)-2-naphthol (Sigma Aldrich,
indicator grade) as metallochromic agent to detect the metal
cations in the polymer. In the preparation of the PIMs, ethanol
(99%, Analytyka) and methylene chloride (99%, Alvi) were
employed.

The solutions of Pb(II), Zn(IT) and Cu(II) used in the different
experiments were prepared by weighing the necessary amount of lead
nitrate, copper chloride dihydrate, and zinc chloride. The aqueous
solutions at pH between 5 and 6 were buffered with 2-
(N-morpholine) ethane sulfonic acid—MES—(99.5%, Sigma) at a
concentration of 0.01 M. For the experiments at pH between 7 and 9,
the  solutions buffered  with

were tris(hydroxymethyl)
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aminomethane—TRIS—(99.8%, Aldrich), preparing a 0.01 M
solution. The adjustment of these buffered solutions was
performed with 1 M HNO; (65.4%, J. T. Baker) and 1 M NaOH
(97%, Meyer).

Standards for atomic absorption spectroscopy of Pb 1,000 +
4mgL™" (Fluka Analytical), Zn 1,000 + 4mgL™" (Fluka
Analytical), and Cu 1,000 + 4 mgL™" (Fluka Analytical) were
employed in the preparation of the aqueous solutions.

To regenerate the optomembrane signal 0.0l M EDTA
(99.8%, J. T. Baker), HNO; (ACS reagent, 70%, Merck) and
HCI (36.5-38.0%, Baker) were used.

2.2 Instrumentation

The pH readings were performed on a Cole-Parmer glass
electrode coupled to a Metrohm 620 potentiometer. The UV -
VIS spectra of the optomembranes were obtained from a 3 cm
long by 1.5 cm wide sample of the polymer, specifically from the
central part of the membrane, which was placed in the measurement
cell of an UV-VIS spectrophotometer (double-beam Perkin Elmer
brand Lambda 2 model controlled by UV WinLab 2.0 software).
Each spectrum was scanned from 700 to 350 nm with a speed of
240 nm min ", with a resolution of 1 nm. A colorless CTA-TEHP
polymeric film with a composition of 33% w/w CTA and 67% w/w
TEHP was used as blank. Infrared spectroscopy characterization was
performed with a Perkin Elmer Spectrum GX Fourier transform
infrared spectrometer. The quantification of the samples was
performed with a Perkin Elmer model 3,100 atomic absorption
spectrometer, with Perkin Elmer hollow cathode lamps for lead
and copper and a Perkin Elmer electrode discharge lamp for zinc.

2.3 Software

The statistical analysis of the data was carried out with the
Statgraphics Centurion XV1I program, while the construction of the
MCR and PLS models were performed using The Unscrambler X
10.4 software. The acquisition and treatment of the infrared spectra
were performed with the 5.0.2 Spectrum program that controls the
instrument, while the UV-Visible spectra with the 2.0 WinLab
program. Editing of ultraviolet-visible spectra was performed with
the 1.0.7 SpectraGryph spectroscopy software. The ANN models
were performed using the Sequential, Dense, and Early stopping
(Tensor flow) Python modules of Keras with the train test split,
12 score, and mean squared error modules of Sklearn in a home-built

Python program.

2.4 Preparation of the optomembranes

1,600 mg of CTA, 3,200 mg of TEHP and 15 mg of PAN were
weighed separately. These components were dissolved under
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continuous stirring with a magnetic bar for 120 min in a
mixture of 40 ml of ethanol and 100 ml of dichloromethane.
The mixture obtained is yellow-orange in color and translucent.
It was poured into a 200 ml volumetric flask, calibrated with
dichloromethane and homogenized. An aliquot of 10 ml was
taken and poured into a Petri dish (Steriplan) with a diameter of
5 c¢m, covered, and the mixture was allowed to evaporate for at
least 48h, at room temperature and humidity. Finally, a
translucent yellow polymeric film, homogeneous at the naked
eye, was obtained.

2.5 Stirring of the system

The extraction of the metal cation with the CTA-TEHP-PAN
PIM was carried out by placing it with 25 ml of aqueous solution
at pH and defined concentration of the metal in a 250 ml beaker
(KIMAX) under continuous stirring. Stirring was carried out on
an KS 260 IKA orbital plate shaker at a speed of 1/100 min™" for
60 min to simulate the operation of this detector on the surface
and static water bodies.

2.6 Measurement of the thickness,
diameter, and weight of the
optomembrane

The thickness of the optomembrane was measured at nine
equally spaced points (A—I) in the central part of the polymer for
nine films from different batches with a IP54 Fowler electronic
micrometer. Membrane diameter was measured with a CAL-
6MP Truper vernier caliper for nine films from different batches.
The average weight of the optomembrane was determined for
18 polymers from different batches with a AE240 Mettler
analytical balance with an uncertainty of +0.0001 g.

2.7 Evaluation of the formation of the
M(Il)-PAN complex with pH

For this experiment, two solutions were made at two different
concentrations, 10™* M and 107> M, adjusted to pH 5, 6, 7, 8, and
nine for each metal cation. The buffering of the solutions at acidic
pH, that is, 5 and 6, was carried out with MES at a concentration
of 5 mM, while the solutions at pH 7, 8, and nine used the TRIS
buffer at 5mM, adjusting with 1 M NaOH or 1 M HNO;, as
required. A volume of 25 ml of the above solutions was taken,
each of which was put in contact with a CTA—TEHP—PAN
PIM with a composition of 33.2-66.5-0.3% w/w, respectively, in
the orbital plate over a period of 60 min. Once this period had
elapsed, the VIS spectrum of the central part, E, was obtained.
These experiments were carried out in duplicate. An RSD around
3% was observed.
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2.8 Evaluation of the detection time

The evaluation of the detection time of the polymer was
carried out at three different concentrations of the metal cation,
10° M, 10*M and 10° M in duplicate. A 4.5 cm® rectangular
section of the PIM was taken and placed in 6 ml of the metal
cation solution at a defined molar concentration and buffered at
pH 6 with 5 mM MES. The solutions of the M(II) cation and the
optomembrane were placed on the orbital plate shaker at 1/
100 min for a period of approximately 120 min, taking the VIS
spectrum of the polymeric film at 0s, 55, 155, 30, 60s, 90s,
120ss, and 60 min. The
absorbances of the complex formed during the course of the

5min, 10 min, 20 min, 40 min,
experiment were determined at 560 nm for the experiments with

Pb(II), at 561 nm for Cu(II) and at 555 nm for Zn(II).

2.9 Evaluation of the response of the
membrane as a function of the
concentration of the metal cation

The response of the polymeric sensor as a function of the
metal cation concentration was performed in duplicate. For each
of the metal cations studied, five solutions of the respective cation
at 10°M, 10™M, 10°M, 10°M and 107 M adjusted to
pH 6 with 5 mM MES were made. Five optomembranes were
used, each one placed in 25 ml of the different solutions, in an
orbital plate shaker at 1/100 min for 1 hour. After the detection
time, a duplicate section was taken from the central part of the
film and the VIS spectrum obtained. The parameter a that is
plotted against the logarithm of the concentration of the metal
cation log Cyyqr), is calculated with Eq. 1:

A- A
A - A,

a= 1)
where A, and A; represent the absorbance for the fully
complexed and uncomplexed chromoionophore, respectively.
A change in the absorption band is essential for an adequate
response of the sensor.

2.10 Evaluation of the effect of natural
light on the stability of the M(ll)-PAN
complex

The two sets of membranes were taken and exposed to the
102 M, 10* M and 10~° M solutions of the metal cations. Then
one set was exposed for 15 days to natural light, and the other set
stored in a drawer completely away from natural light for the
same time. The VIS spectra of the films were measured at 24 h,
48h, 72h, 5days, 8days, 10 days and 15 days after the first
measurement for both series. The calculation of the % relative A
that appear in the graphs was carried out with Eq. 2:
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A

%Arelative = A
t0

@
where A, is the absorbance at the wavelength of the metal cation
obtained at time t, and A is the absorbance obtained at the same
wavelength at initial time. Measurements of the absorbance of the
complexes formed at 24 h, 48 h, 72 h, and 5, 8, 10 and 15 days
were carried out.

2.11 Evaluation of the reversibility of the
optomembrane

To evaluate the regeneration capacity of the optomembrane
in the detection of the three metals, the three most common
regenerators that have been reported in the literature were used,
i.e.,, HNO3, HCl and EDTA at 0.01 M concentration each. The
experiments consisted of taking 4.5 cm® rectangular sections
from the central part of three different optomembranes and
putting them in contact with 6 ml of a 1 x 10™* M solution of the
studied metal cation on an orbital plate shaker at 1/100 min™" for
60 min. After this period, the films show a color change
corresponding to the metal complex formed and the VIS
spectra of the PIMs were recorded. Each of the previous films
was put in contact with 15ml of any of the regenerators
mentioned above and stirred at 1/100 min~' for 60 min, then
the spectrum of the polymer was obtained again. This detection-
regeneration cycle was performed five times for each of the metal
cations using the same film and the same regenerator
initially used.

The percentage of relative absorbance % A¢jtive as a function
of the cycles of detection—regeneration of the metal cations with
the PAN optomembrane were calculated according to Eq. 3.

Ac ycle N

%Arelative = A
0

3

In the above equation, A n represents the absorbance
value obtained at wavelength of the M(II)-PAN complex on the
film for a given detection cycle number N, while A, represents the
initial absorbance value.

2.12 Chemometric modeling

For the construction of the models, a central composite
design for three experimental factors, the metal cations at five
total of
15 experiments. For each experiment, a volume of 25 ml in
contact with a complete CTA—TEHP—PAN PIM for 60 min
was employed, under constant agitation. Subsequently, the VIS

concentration levels, was used generating a

spectrum of the optomembrane was obtained in duplicate, taking
two different regions of the central part of the polymer. Seven
replicates of this experimental design were made.
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VIS spectrum of the CTA-TEHP—PAN PIMs in the absence and presence of metal ions.

The chemometric analyses were performed with the raw data
asa 105 x 351 matrix, i.e., 105 rows comprising the different seven
replicas of the experiments of the experimental design and
351 columns containing the information of the VIS spectrum
in the range of 350-700 nm. A 105 x 1 matrix of the response or
dependent variable containing the information of the different
(ppm) was
Preprocessing of the data based on baseline correction was

concentrations of the metal cations used.
applied before chemometric data analyses. As for ANNs
modeling, the experimental matrix was split into a 75 X
351 matrix that was further split into an 80% training (60 x
351) and 20% validation (15 x 351) matrices. The remaining
30 samples were used as test matrix (30 x 351) for the
determination of the model performance parameters in
independent experiments, i.e., experiments not used for the
developing of the model. As for the PLS models, they were
randomly cross-validated by splitting the 75 x 351 matrix used
for training into 20 segments with 5 samples per segment. As in
the case of ANNs the remaining 30 samples were used as test

matrix.

3. Results and discussion

3.1 Characterization of the
CTA—TEHP—PAN PIMs

3.1.1 Colors, VIS spectra

PIMs were prepared according to a previously reported work
(Garcia-Beleno and Rodriguez de San Miguel, 2021) using
cellulose triacetate as support, TEHP as plasticizer and PAN
as chromophore. Figure 1 shows an image for one of the
CTA—TEHP—PAN PIMs (yellow) whose composition is
33.2-66.5-0.3% w/w, respectively. The membrane showed
acceptable flexibility and manageability. The VIS spectrum of
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the previous film is presented in Figure 1 (upper, left), as an
average of five different uncomplexed PIMs. A maximum at
467 nm with an absorbance value of 2.04 + 0.07 was observed.
The Figure also shows the VIS spectrum for the Pb(II) containing
PIM, where two bands
corresponding to the non-complexed PAN and one at 560 nm

are observed, one at 467 nm
that is associated with the complex formed between PAN and
Pb(II) (upper, right).

The VIS spectrum of the Cu(Il) containing PIM shows a
maximum at 561 nm (lower, left), associated with the presence of
the complex between PAN and Cu(Il). The free PAN band that
appears at 467 nm does not appear, suggesting that the PAN
present in the polymer reacts completely. The spectrum of the
Zn(II) containing PIM has two characteristic bands at 518 nm
and 555 nm associated with the formation of two complexes
between PAN and zinc (lower, right); the band at 467 nm
PAN does appear, the
chromophore reacts completely with Zn(II). Since in all three

associated with free not as
cases the PIMs did not present any physical modification and
provided a flexible and homogeneous film acceptable to the
naked eye, TEHP is an adequate plasticizer for the system. In
different publications for sensors of the same type, a common
composition of 33% w/w for the polymer and 66% w/w of the
plasticizer is usually found. This composition allows both the
molecules of the chromophore to freely diffuse within the
optomembrane, favoring the extraction of the analyte of
interest (Mahani et al., 2008; Ruckh et al., 2013; Shahabadi et
al.,, 2009). So that this composition was taken as reference for the
preparation of the sensors in this work. The composition of each
polymer film consists of 80 mg of cellulose triacetate, 160 mg of
TEHP and 0.75mg of PAN. These results are consistent
according to the equilibrium constant values of the M(II)-
PAN complexes reported in the literature, where log K =
15.6 and log Ky, = 8.4 for Cu(Il), and log Ky = 11.2 and log
Kp, = 10.2 for Zn(Il) in 50% dioxane/water mixtures (Dojindo
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product catalog, 2022), indicating quantitative extraction of these
metal ion by PAN. As for Pb(II) minor extraction is expected as
its equilibrium constant value is expected to be lower considering
that the pHsqo, of this metal is about 7.2 in comparison to the
respective values of the Cu(II) (pHsgo, = 0) and Zn(IT) (pHsge, =
6.0) complexes in chloroform (Qureshi and Cheema, 1974).

3.1.2 Thickness

The thickness of the polymer film plays a fundamental factor
in the detection and quantification of the analytes because it is
part of the optical path of the incident light beam that passes
through the film. For ten different films obtained from different
batches, the thickness of the membrane was measured in nine
different zones, A—I, distributed regularly on its surface. The
results of these measurements are shown in Supplementary
Table S1.

As observed the thickness of the optomembranes are not
completely uniform, as a proportional variation of 9 um was
found. Another aspect that can be noticed is that the
measurement zones associated with the left (A—D—G) and
right (C—F—I)
thicknesses than the central part (B—E—H). An important
point of the results shown in Supplementary Table SI lies in

ends of the membrane have greater

the variation in the thickness of the optomembranes in zone E
(the central part of the polymer). The standard deviation of the
thicknesses measured in the central part of the different films is
3 um, therefore, this area section of the optomembrane was used
to carry out subsequent experiments. The physical characteristics
of the final employed sensors are shown in Supplementary
Table S2.

3.1.3 FTIR spectroscopy

The characterization was performed for three films of
CTA—TEHP—PAN whose composition was 33.2-66.5-0.3%
w/w (Supplementary Figure S1). According to the literature
(Betteridge and John, 1973; Saji and Reddy, 2003; Arous et al.,
2004; Kebiche—Sendhadji et al., 2008; National Institute of
Advanced 2012),

characteristic bands associated with the PAN can be seen. For
1

Industrial ~Science and Technology,

example, the signal present at 3,483 cm™ is associated with a
stretching vibration of the hydroxyl group. A signal defined at
2,931 cm™ associated with stretching vibrations of the C-H
bonds of the aromatic rings is also appreciated. The band

presents at 1748 cm™

, is an intense band very characteristic of
the carbonyl groups in the acetate groups of CTA. The next
important signal is at 1,236 cm™" which is an intense and wide
band that can be associated with the vibration of the P = O, which

-1

is reported within the range 1,300-1,100 cm™'. A very intense
band at 1,059 cm™ appears which is reported in the literature
associated with P-O-C (C of alkyl) groups in the plasticizer.
Since the plasticizer is found in the highest proportion, it is
evident that this signal is very wide and saturated. This signal is

always accompanied by a confirmation signal reported in the
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literature at 1,190 cm™!

; in this case, it is slightly shifted at
1,158 cm™'. A signal associated with the chromophore appears
at 1,636 cm ™', associated with stretching vibrations of functional
groups such as N = N, C = N and C = C in the aromatic ring. In
addition, the signal at 1,464 cm™, can also be related to
characteristic groups of the PAN, such as the stretching
vibrations of the C-O, to those present in the acetyl groups of
the CTA, and to deformation vibrations of O-H and deformation
vibrations of C-H present in the pyridine ring. Another
important band that can be associated with the presence of
C-H bonds of the CTA or the alkyl chains in the TEHP
appears at 1,379 cm™'. These results indicate that there is no
reaction between the PIM components that could be reflected in
the formation of any covalent bond. Therefore, the retention of
the indicator and the complexes is given by the hydrophobicity of
these or van der Waals forces.

3.2 Optimization of the experimental
factors for the detection process

The polymer sensor will be used to detect the metal cations
Pb(II), Cu(Il) and Zn(II) in a batch process. Under such
circumstances, different variables can influence the detection
process, such as: the pH of the aqueous solution, the
concentration of the metal cation, the type of agitation, the
weight of the membrane, the volume of the solution, the
temperature, the surface area of contact of the sensor and the
detection time.

Through a complete fractional design at two levels, the
influence of four important variables in the detection of the
sensor was estimated by the absorbance of the complex formed
between the metal cation M(II) and PAN. These variables were
the weight of the PIM, the volume of the sample, the
concentration of the metal cation and the surface contact area
of the sensor. The remaining variables mentioned above were not
considered in this analysis, as they were analyzed more
specifically in the subsequent sections, except for the type of
agitation which was held constant (orbital type agitation),
mimicking the use of the sensor in bodies of non-running
water such as lagoons or ponds.

The experimental matrix of the 2* fractional design in the
studied variables is shown in Supplementary Table S3. This
experimental matrix was performed three times, using a
different cation on each occasion, and obtaining the results in
duplicate for each experiment. The response variable was the
absorbance of the complex that is formed in the PIM, therefore,
absorbances at 560, 561, and 555 nm for Pb(II), Cu(II) and Zn(II)
were measured, respectively. The Pareto analyses plots of the
different responses are shown in Supplementary Figure S2. From
it, only two of the four experimental variables sems to be relevant
in the detection process: the concentration of the metal cation
and the area of membrane used, as well as the interaction
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FIGURE 2
Dependence of the formation of the M(Il)—PAN complex on pH.
between both factors. This information shows that, in the and zinc cations at pH 5 and 6 were buffered with 5 x 10° M
detection process, the experimental factors associated with the MES, while the solutions at pH 7, 8 and 9 were buffered with 5 x
chemical reaction influence more significantly the response than 107 M TRIS. To elaborate the fraction of species diagrams of
the physical variables of the experiment. When the statistical these metals, the values of the global formation constants of the
analysis was focused on maximizing the responses, results shown complexes Cu(II)—MES and Zn(II)—MES were considered
in Supplementary Table S4 were obtained. From this, it has been according to reports in the literature (log 6™ of 4.80 and
decided to work with PIMs of 240 mg of CTA—TEHP—PAN in 3.90 for Cu(Il) and Zn(II), respectively). TRIS has a strong
subsequent experiments, exposing the entire surface area of the tendency to form complexes with Cu(II) and a slight tendency
polymeric film (19 cm® for a membrane of 5 cm in diameter) to a to form complexes with Pb(II) and Zn(II). For the description of
volume of 25 ml of the dissolution of the metal cation. the aqueous phase chemistry of Cu(II) four different complexes
with TRIS were then considered (log 6; = 4.05, log 6,= 7.6, log
65 = 111, log 6, = 14.1).
3.3 Effect of pH on the detection The graph shown in Figure 2 (upper) shows the effect of the
pH of the solution on the absorbance of the Pb(II)—PAN
PAN is a metallochromic agent that exhibits acid-base complex, for two different concentrations of Pb(II) (1 x 10~
properties from which their complex formation reactions M and 1 x 10°M). In both curves the same bell shape is
depend on pH. For this reason, a relevant factor in the observed, and in both cases, a maximum of the absorbance of
detection capacity of the optomembrane is the pH of the the Pb(IT)—PAN complex is observed at pH 7. Considering that
solution. As indicated before, the solutions of the lead, copper, the pKa of the chromophore are 2.9 and 11.2 (Betteridge et al.,
Frontiers in Analytical Science 08 frontiersin.org
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1963), it can be thought that the formation of the Pb(II)—PAN
complex is not very favored at acidic pHs, because the indicator is
protonated; of course as the pH increases the formation of the
complex will be favored, so that at pH values seven it reaches a
maximum, although in these conditions the formation of the
species Pb(OH)" is important (Supplementary Figure S3); being a
cationic species it is very likely that it is also extracted in the
optomembrane and the formation of a mixed complex of the
PbOHPAN™ type is carried out.

The effect of pH on the formation of the Cu(II) complex and
the PAN is shown in Figure 2 (middle). As in the previous case, a
bell-shape dependence is observed, where the formation of the
Cu(II)—PAN complex is favored in a wider pH region, from 6 to
8. At the lower concentration, 1 x 107> M, the shape is no longer
observed. The literature reports both the formation of a complex,
CuPAN" in solution (Ooi et al., 1967; Betteridge et al., 1973;
Dean, 1985), and two complexes between PAN and the metal ion
Cu(II), CuPAN* and Cu(PAN), in a Nafion optomembrane®,
although a notable decrease in stability for the 1:2 complex is
discussed, attributed to the fact that the PAN molecule acts better
as a bidentate ligand than a tridentate one. The formation of the
1:2 complex is occasionally reported, and its formation is
attributed to an excess of PAN present in the study system
(Ooietal, 1967; Coo etal., 2001). Similar to the previous case, the
formation of the Pb(II)—PAN complex, the formation of the
complex of Cu—PAN is disadvantaged at acidic pH, however, as
the pH increases the formation of the complex is favored and
remains constant for the 6 < pH < 8 interval, which can be
explained by the formation of the CuPAN™ complex from the
CuMES" complex, as the formation constants of the first are
higher (log 6 = 16 and log 6 = 4.90 for CuPAN" and
CuMES* respectively) (Supplementary Figure S3).

The dependence of complex formation between Zn(II) and
PAN on pH is shown in Figure 2 (lower). As in the two previous
cases, the graph presents a bell-shape for both concentrations 1 x
10*M and 1 x 10° M of Cu(Il), where the most favorable
conditions are in the range 6 < pH < 8. According to the fraction
diagrams (Supplementary Figure S3), the predominant species of
Zn(IT) change along the entire pH range in the solution. From
this information it is inferred that at pH less than 6 the formation
of the complex is limited by the protonation of PAN, while in the
range of 6 < pH < 8, the formation of the complex in the PIM
remains almost constant and favorable mainly due to the
formation of the ZnPAN" and Zn(PAN), complexes from
ZnMES" complex and the free Zn(II) cation, the formation of
the zinc(II) complex with PAN can be justified in the same way as
in the previous case, taking into account the respective formation
constants (log 6; = 11.2, log 6, = 21.7 and log 6 = 3.80 for
ZnPAN" , Zn(PAN), and CuMES" respectively).

The overall conclusion defines in this way the range 6 < pH <
8 as the one with the best performance with practically high
constant absorbances of Cu(II) and Zn(II) at high concentrations
(10™* M) and acceptable values for Pb(II); at lower concentrations
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(10° M), all absorbances values diminish, as expected, but the
range stays still useful.

3.4 Influence of detection time

An important analytical parameter in the detection
performance is the response time. Response time is defined as
the time required for the optomembrane signal to reach 95% of
its final value, or where the signal becomes constant, at steady
state. It is the time involved in the diffusion of the analyte from
the solution to the membrane interface and the association with
indicator (Absalan et al., 2010; Qazi et al., 2012; Pourbasheer
et al., 2015). The temporal response of the optomembrane of
CTA—TEHP—PAN was evaluated at three different
concentrations of the metal cation, 1 x 10°M, 1 x 10*M
and 1 x 10~ M at pH 6. The results are shown in Figure 3.

The membrane reaches an equilibrium state of the optical
signal in 20 min at the three concentration levels and for the three
metal cations. However, when comparing the response time of
this optomembrane with those reported in the literature, this
membrane does not present detection times as short as other
materials, which have detection times within the first 5 minutes
of contact of the membrane with the aqueous phase. However,
the temporary detection responses obtained in this work are
comparable with another optomembrane with the same PAN
metallochromic indicator reported in the literature (Alizadeh
et al., 2002). Looking at the behavior of the graph for Cu(Il), it
can be seen that the optical signal for the curve at 1 x 107> M of
Cu(II) falls from minute 20, which evidence the leaching of the
CuPAN" complex; the pink coloration of the aqueous phase
evidenced this. The charged complex has more affinity to the
aqueous phase than to the active sites of the optomembrane that
could be in the dipoles of the acetate groups of the supporting
polymer.

Considering that (Alizadeh et al., 2002):

1.134>
tos = D,

4)

where d and D,, are the thickness of the membrane and the
diffusion coefficient of the species in the PIM phase
respectively, it is possible to calculate the diffusion
coefficient of the different metal cations, Pb(II), Zn(II) and
Cu(II). the
optomembranes have a thickness of 102 ym + 9pum (n =

From the previous equation and since
90) and that the response time, tosq, for the different metal
cations of the membrane is 20 min, the diffusion coefficient of
the metal species in the membrane can be estimated using Eq.
4 as 98 x 107 cm®s™". This value corresponds well with the
average of the diffusion coefficients of species present in
solids (10 cm®*™'). This coefficient does not depend on
the type of metal ion, nor its concentration in aqueous

medium, as already commented in the literature. However,
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FIGURE 3

Temporal response of the PIM to M(Il) in solution at three different initial concentrations.

a greater dependence of the diffusion coefficient has been
established with the concentration and distribution of the
membrane components in addition to the thickness of this
material (Seiler and Simon, 1992).

3.5 Response of the optomembrane to the
concentration of metal cations

The linear interval for which the response of the
optomembrane can be properly measured is determined by
the values of a (Eq. 1) that the polymer presents at different
concentration levels. Traditionally, curves of sigmoidal shape are
obtained when the value of the function a or 1—a are plotted
against log Cyyqp, where the limit or extreme values of this
function do not present any significant change with respect to the
relative absorbance in the wavelength of measurement, since they
are physically related to the state in which the chromoionophore
is fully complexed, a = 1 or 1—a = 0. Conversely, for minimum
values of a = 0 or 1—a = 1, the concentration of M(II) is
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insufficient to produce an appreciable color change in the
polymer.

Figure 4 shows the curves of 1—a as a function of log Cyqr
for the three metal cations. In the case of Zn(II) and Cu(II), very
similar sigmoidal curves are observed, even overlapping. Both
curves present a region where a linear dependence between the
response of the polymer sensor and the log Cyry is observed, in
an approximate concentration range between 10~ M and 10™* M,
or 0.64 ppm - 6.40 ppm for Cu(II) and 0.65 ppm - 6.54 ppm for
Zn(II). It is evident that the polymer film is saturated when
contacted with solutions of Cu(Il) or Zn(II) at 10~ M.

The response curve of the optomembrane towards Pb(II) is
different respect to the cases of Zn(II) and Cu(Il). A linear
response of the material cannot be appreciated. The interval
of the graph that corresponds to the values of log Cpy,yy ranging
from -6 to -4, could be seen as a pair of curves of sigmoidal shape
superimposed, in which two linear responses of the sensor
material can be seen for the same curve. This particular
response of the optomembrane may be a consequence of the
extraction and complexation of two different species, the free
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FIGURE 4

Evaluation of PIM response to different metal concentration levels at pH = 6.

cation and the first hydroxide complex, as observed in
Supplementary Figure S3 where two predominant species are
present in the solution, i.e., Pb(IT) and Pb(OH)" at 60 and 40%
abundance, respectively. However, looking at the corresponding
figures for Cu(Il) and Zn(II), it is observed that in the case of
copper, the free cation and the CuMES" complex, in fractions of
8 and 91%, respectively, are present. In the case of zinc, at
pH 6 the predominant species are the free cation and
ZnMES’, in 52 and 48% percent, respectively. Considering the
values of the complex formation constants for copper with MES
and PAN (log 8°M®S = 4,90 and log 6N = 16; log 67" =
3.80 and log 67""*N = 21.7), it is deduced that the complexes of
Cu(II) and Zn(II) with MES, despite being predominant in their
respective cases , can be considered as labile complexes, i.e., MES
is a weaker ligand than PAN against any of the cations, so that the
cations may form more stable complexes with the PAN present.

From the above, it is concluded that the optomembrane
presents a linear response at a concentration range from 1 X
10°M to 1 x 10™* M for Zn(II) and Cu(II), but not for Pb(II).
This result will be used to subsequently define the concentration
levels for each metal cation in the construction of the
quantification models.

From the sigmoidal shape presented in Figure 4, it is
important to note that the linear response of the polymer
depends on the amount of mass that is extracted from the
solution towards the membrane, up to the degree of
saturation of the polymer. Therefore, it can be anticipated
that in the construction of a simultaneous multivariate
models for three metal cations, the linear response interval
of the optomembrane will be diminished since the polymer
will be exposed to an amount of mass three times greater than
in the case of the individual experiments presented in this
section.
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3.6 Durability of the analytical signal

An important aspect of the PIM sensor is the temporal
stability of the analytical signal, as not all compounds are
the behavior of the
absorbance of the complex in the polymer was evaluated over

photochemically stable. Therefore,
a period of 15 days, exposing the detector material to natural light
or in the absence of it at the three different molar concentrations
previously employed.

3.6.1 Analytical signal in the absence of natural
light

The graph showing the variation of the absorbance of the
Cu(I)—PAN complex in the polymer film over a period of
15 days in the absence of natural light is shown in Figure 5
(upper). As observed, the analytical signal remains constant
during the complete period, as no significant loss of in its
value was observed in the whole interval.

The corresponding graph for Pb(II) is shown in Figure 5
(middle). It is observed that the analytical signal for the
polymeric sensors exposed to 1 x 107 and 1 x 10*M of
Pb(II) behave very similar, from 24h after the detection
process a minimum loss of absorbance is observed, remaining
constant until day 10; later on day 15 a loss of the signal of about
10% of its initial value is denoted. The PIM exposed to a solution
of 1 x 10> M shows an anomalous or unexpected behavior as the
signal of the Pb(I)—PAN complex increases, however, it also
presents a drop in the analytical signal from day 10 on. This
anomaly may have different causes, one of which may be
attributed to a posterior formation of the complex between
the Pb(II) cation and PAN due to a slow complexation
reaction kinetics. In the literature it is reported that the Pb
(I)—PAN complex is red, while the coloration associated
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Stability of the analytical signal in the PIM for M(Il) in the absence of natural light at three concentrations

with the formation of this same complex in the polymer matrix is
orange, this orange coloration is considered as the result of the
red color of the PAN complex and Pb(II) and the yellow color of
the free PAN. Both bands can be seen in the VIS spectrum of film
(Pourbasheer et al., 2015).

The durability of the analytical signal of the Zn(II)—PAN
complex in all three cases show different behaviors (Figure 5
lower). In the case of Zn(II) 1 x 107 M, the signal remains
constant with respect to that initially obtained during a period of
5 days; later the signal falls up to 40 percent of the initial value.
The signal at 1 x 10™* M presents a minimum loss of the initial
value, decreasing slightly up about 20% in the last day. At 1 x
10° M a similar behavior respect to that observed with Pb(II) is
attained, where an increase in absorbance is observed from day
three; however, the signal remains the same with respect to the
initial one at the end of the interval. Considering that the VIS
spectrum showed two characteristic bands associated with the
formation of two different complexes with PAN, i.e., 518 nm and
555 nm corresponding with ZnPAN™ and Zn(PAN), complexes,
respectively, it is possible that the increase in relative %
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absorbance is due to a conversion of the ZnPAN™ into the
Zn(PAN), complex, generating a greater absorbance at the
employed signal (555 nm).

3.6.2 Analytical signal in the presence of natural
light

The graph showing the variation of the absorbance of the
Cu(II)—PAN complex in the PIM over a period of 15 days in the
presence of natural light is shown in Figure 6 (upper). The
absorbance of the Cu(II)—PAN complex at 1 x 10> M and 1 x
10~*M at pH 6, remains perfectly constant for the whole period.
However, in the case of 1 x 107> M an anomalous behavior is
observed, where the percentage of the relative absorbance
increases significantly, like the cases for lead and zinc in the
previous section. This anomaly can be associated with a possible
subsequent formation of the Cu(II)—PAN complex catalyzed by
sunlight.

In the case of Pb(II) It can be clearly observed in Figure 6
(middle) that in none of the three studied cases a constant signal
was observed, and in all cases the temporal stability of the
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Stability of the analytical signal in the PIM for M(ll) at three concentrations in the presence of natural light.

Pb(II)—PAN complex decreases markedly when the film is
exposed to natural light after 72 h. At 1 x 107 M the signal is
affected the most by the degradation of the complex by sunlight,
followed by the optomembrane exposed to 1 x 107 M and then
that to 1 x 107 M, with a final recovery of 38, 78 and 88%,
respectively.

As for Zn(IT) in Figure 6 (lower), a loss of the analytical signal
can be seen from the sixth day on. The analytical signal at 1 x
10*M and 1 x 10~° M remains constant for 9 days. The final
percentages were 40, 60 and 90% with the decrease in zinc
concentration. The negative influence of sunlight on the
stability of the Zn(II)—PAN and Pb(II)—PAN complexes is
due to the photochemical destruction of them, especially for
cases in which these are formed in a majority. This negative effect
is possible accentuated by the exudation of the complex that
initially present in the PIM. Considering that the color of the
complexes formed are within the range of visible light, it is
possible that the Zn(II) and Pb(II) complexes are more affected in
their stability by the absorption of sunlight as they absorb
radiation of the complementary color (violet or blue) to which
they are observed (orange or red), so that the absorbed radiation
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is more energetic and may be able to alter the stability of the
complex in a negative way, unlike the blue-violet complex of
Cu(Il), which absorbs radiation of the complementary color
(towards the yellow or-orange) that corresponds to greater
wavelengths of 580-600 nm, which are less energetic and
would disturb less the bonds of the molecule of the complex
between the Cu(II) and PAN.

3.7 Reversibility of the analytical signal

One condition that a sensor must fulfill to be recognized as
such is the reversibility of its signal. In different research papers, a
great variability of acidic, basic, complexing, or masking
compounds have traditionally been used as regenerators of
optomembranes. Such is the case of nitric acid, hydrochloric
acid, sulfuric acid, sodium hydroxide, phosphoric acid, EDTA,
sodium or potassium thiourea,

thiocyanate, glycine,

thioacetamide, ethylenediamine, thiosalicylic acid, acid

5—sulfosalicylic dihydrate or sodium fluoride (Tavallali et al.,
2012; Tharakeswar et al., 2012; Pourbasheer et al., 2015). In the
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Reversibility of the analytical signal of the PIM for three different regenerators.

present work, nitric acid, hydrochloric acid and EDTA were
employed at 0.01 M. Five regenerating cycles were performed,
with detection and regeneration periods of 60 min.

The graph in Figure 7 (upper) shows the values of % A ejative
for the five cycles of detection (points above) and regeneration
(points below) with the three chemical regenerators for the case
of Cu(II). As it can be seen, there is a drastic and gradual decrease
in the percentage of the relative absorbance for the three different
regenerators, which is attributed to the leaching of the CuPAN"
complex, rather than to the effectiveness of the regenerator, as
deduced by the presence of a pink coloration in the aqueous
phase in each of cycles. Finally, the yellow coloration of the PIM
in lost after the fifth cycle.

The graph in Figure 7 (middle) shows the rejative % A values
for the five cycles of detection (points above) and regeneration
(points below) with the three chemical regenerators for the
case of Pb(II). The signal attributed to the Pb(II)—PAN
complex decreases significantly from the third cycle of
action in the case of hydrochloric acid, while with the
other regenerators the analytical signal is lost from the first
cycle on. Observing the low relative absorbance points that
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correspond to the regenerated optode, an accumulation of the
detected complex as the polymer operating cycles are
performed is observed, which is accentuated more for
EDTA and hydrochloric acid than for nitric acid.

The graph in Figure 7 (lower) shows the ,ejaive % absorbance
values for the five detection (points above) and regeneration
(points below) cycles with the three chemical regenerators for the
case of Zn(II). A good performance of nitric acid and
hydrochloric acid as regenerators until the fifth cycle of
operation is observed. However, the analytical signal fails in
being recovered from the third cycle on, where approximately ten
percent of its value is subsequently lost compared to the initial
one. EDTA is not an effective regenerator, since there is a lack of
effectiveness to reverse the complexation reaction in the different
operating cycles, and it is not possible to restore the initial state of
the polymer. The logarithmic conditional constants of the
complexes of Cu(Il), Zn(Il) and Pb(II) with EDTA at
pH 6 are 14, 11.7 and 13.2 respectively. However, despite
having favorable constants to reverse the formation of the
respective complexes of metal cations with PAN, a good
reversibility was not obtained for any of the metals.
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Both the gradual loss of detection capacity, but especially the
low capacity of regeneration of the initial state of the polymer
shows that the optomembrane of CTA—TEHP—PAN does not
function as a sensor for the metal cations Cu(II) and Pb(II). For
Zn(II), the sensor functionality of the PIM is limited to three
operating cycles. From these observations it is concluded that, in
general, the film obtained in this work has a functionality more
like a probe.

3.8 Chemometric modeling

To carry out the simultaneous detection and quantitative
determination of the three metal cations, the experimental
matrix consists of a central-composite experimental design with
five levels for each metal cation, in a concentration range ranging
from1x10°Mto 1 x 10™*M, i.e., from 0.06 ppm to 6.40 ppm for
Cu(1I), from 0.21 ppm to 20.72 ppm for Pb(II), and from 0.06 ppm
to 6.54ppm for Zn(II) (Supplementary Table S5). The
concentration levels were defined according to the linear
response shown by the polymer in the corresponding previous
section. In general, in each experiment a color change was
observed which was monitored by VIS (Supplementary Table S6).

3.8.1 Principal component analysis, PCA

One of the objectives of the construction of the polymer
sensor lies in the quantitative and simultaneous detection of
different metal cations. Supplementary Figure S4 shows the
percent of explained variance with the number of PCs.
Clearly, a model with only two main components accounts for
99% of variability, with PCI containing 93% of this variability
and PC2 only 6%. With 3 PCs the explained variance reached
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99.9%, both for calibration and validation data. From the scores
plot shown in Figure 8, three groups can be roughly
distinguished. The first group A cluster experiments 2, 4, 5,
13, and 15 (Supplementary Table S6), the second group B cluster
experiments 8, 6, and 11 (Supplementary Table S6) and third
group Ccluster 1, 3,7, 9, 10, 12 and 14 (Supplementary Table S6).

The three groups shown by the graph of scores of the PCA,
can be related to the change of color that presents the
optomembrane. Specifically, the PIMs grouped in set A
present a change of color from yellow to purple, as in most of
these experiments the solutions present a higher Cu(II)
concentration. For the optomembranes grouped in B, there
was a change of color from yellow to red. This color is
initially associated with the formation of the complex between
Zn(II) and PAN. As in the previous case, in the aqueous solutions
of these experiments Zn(II) is in higher concentration than Pb(II)
and Cu(II). The rest of the experiments that conform group C
present a common characteristic change in the coloration from
yellow to strong orange. This time Pb(II) was in higher
concentration. It is important to note that the formation of
the complex between the Pb(II) cation and PAN does not
seem to be very favored, as reflected in a change of coloration
not as pronounced as in the previous cases.

The loadings values of the PCA analysis were compared with
the VIS spectra of the complexes formed with PAN and copper,
zine, and lead, to analyze the contribution of the variables to the
analysis (Figure 9).

The loadings in PC—1 are mainly defined by the wavelengths
ranging from 425-475nm in a positive form and by the
wavelengths on the range 515-565 nm in a negative form. In
the case of PC—2, this is mainly positive defined by wavelengths
ranging from 565 to 650 nm and negative by those ranging from
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Spectrum

Comeparison of the VIS spectrum of the M(Il)-PAN complex with the PCA loadings.

505 to 525 nm and from 550 to 560 nm. In general, it is observed
that almost the entire VIS spectrum is contained with useful
information. It can be concluded that the spectral variables that
characterize the PC—1 in the range of 515-565 nm may be
associated with the band that is related to the PAN complex and
the copper cation. For the same main component, there is an
important influence of variables in the opposite direction ranging
from 425 to 475 nm and which may be related to the fraction of
free or uncomplexed PAN.

In the case of the information provided by the loadings of the
PC—2, it is interesting to see how the zone where the most
relevant wavelengths are presented (505-525 nm and from 550 to
560 nm) corresponds with the area of the VIS spectrum
associated with the band of the zinc complex. Therefore, the
variability associated with this PC—2, is due in a large extent to
the formation of the PAN complex with zinc.

3.8.2 Multivariate curve resolution

Non-negative concentrations and spectra were imposed as
constrains for the analysis. First, the concentration profiles of the
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training set were employed as model inputs to determine the
of the As
Supplementary Figure S5, the MCR algorithm was able to

spectral  shapes components. observed in
predict the spectra of the pure components in a precise form
as deduced from comparison of these profiles with those in
Figure 1. This means that the experimental matrix can be
satisfactorily modeled by addition of the of the spectra of the
pure components, as expected from the Beer law. Then, these
pure component spectra were employed to evaluate the
concentrations of the samples in the test matrix. As the MCR
algorithm calculates relative concentrations, it was found that a
scale factor of 2.3 must be applied such that the calculated
concentrations correspond with the reference ones. From this
evaluation the model performance parameters were determined
in Table 1. Cu(Il) and Zn(II)

concentrations profiles are determined in a satisfactorily form,

and reported Clearly,
which is not the case of Pb(II) where a very low R* and a high
RMSE values are obtained. This fact is confirmed by visual
inspection of the parity plots (Supplementary Figure S6) and

the values of the corresponding regression line (R*> = 0.96, 0.86,
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TABLE 1 Performance parameters of the different chemometric models for the simultaneous quantification of the analytes.

Chemometric Training Test
method
Calibration Validation
Range (ppm) R? RMSE R’ RMSE R? RMSE
MCR Cu(l) 0.06-6.40 0.96 0.41
Zn(II) 0.06-6.54 0.87 075
Pb(II) 0.21-20.72 027 251
ANN Cu(lD) 0.06-6.40 0.98 027 0.96 028
Zn(1I) 0.06-6.54 0.93 0.54 0.95 047
Pb(II) 0.21-20.72 0.01 633 0.02 6.73
PLS Cu(lD) 0.06-6.40 0.98 029 0.98 0.30 0.98 0.29
Zn(1l) 0.06-6.54 0.96 041 0.95 0.46 0.93 0.54
Pb(ID) 0.21-20.72 0.85 248 0.78 3.00 0.85 248

and 0.002 for Cu(II), Zn(II), and Pb(II), respectively). The results
are also consistent with the expected equilibrium constant values
(Section 3.1) and the 1—a as a function of log Cyary plot for the
three metal cations (Section 3.5), where the anomalous profile of
Pb(II) was indicative of a different performance of the optode for
this metal ion. As the three spectral profiles were corrected
modeled but only two of the concentration ones, it is then
probable that the extraction of Cu(Il) and Zn(II) inhibits in
some extend that of Pb(II), probably due to the competition for
the active sites of the chomophore, leading to a not constant
distribution coefficient of this metal ion in the optode under the
employed experimental conditions. This effect should be
magnified when high concentrations of the metal ions are
present in solution as the metal : chromophore mol ratio used
reach values between 0.008 and 0.839 for each metal ion in the
experimental design matrix.

3.8.3 Artificial neural netwoks

After optimization a fully connected feed-forward with error
back-propagation network was employed. It consisted of
351 inputs neurons (relu activation function), corresponding
to the absorbance intensities, and an output consisting of one
neuron (no activation function), corresponding to the metal ion
concentrations. Between them, a hidden layer of 6 neurons for
Cu(II) modeling, and 12 neurons for Zn(II) and Pb(II) modeling
(relu activation function), was incorporated. Gradient-based
learning was employed using the mean squared error (MSE)
as loss function with the Adam optimizer. To prevent over fitting
an early stop call-back was added with a patient of 3, training the
model by monitoring the minimized loss during 50 epochs.
Supplementary Figure S7 shows the MSE loss as a function of
epochs for the training and validation sets. After calibration and
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validation, the model performance parameters were determined
and reported in Table 1. Once again, good performance was
observed for the cases of Cu(II) and Zn(II), but not for Pb(II),
were it was not possible to have good predictions even by
modification of the structure of the network. The parity plots
of the test samples are shown in Supplementary Figure S8. Their
corresponding values of the regression lines are R* = 0.958, 0.954,
and 0.017 for Cu(Il), Zn(II), and Pb(II), respectively. It is
deduced that the probable irregular distribution of Pb(II) in
the optode at different metal ion concentrations, due to the
competition for the active sites of PAN which favors the
adsorption of Cu(Il) and Zn(II), cannot be satisfactorily
modeled, as previously indicated in the 1—a as a function of
log Cyan plot (Section 3.5).

3.8.4 Partial least squares regression

PLS was performed on the entire spectrum taking as
response one of each M(II) concentrations in the aqueous
phases. From Supplementary Figure S9, three latent variables
allow to capture a satisfactory cross-validation variance of
97.68% for Cu(Il), four latent variables allows 94.71% for
Zn(II), and only 77.90% of the variance was accounted for
seven latent variables for Pb(II). These numbers of variables

TABLE 2 Significant testing for the slope and intercept of the PLS
parity plots for the test samples based on a joined F-test.

Metal ion Slope Intercept F p-value
Cu(ID) 0.98 0.04 0.16 0.85
Zn(11) 0.93 0.12 048 0.63
Pb(I1) 0.85 0.82 112 035
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were then selected for further data treatment. In Table 1 the
model performance parameters are reported. Clearly,
comparable values to ANN modeling are obtained for
Cu(II), and Zn(II), but better values are attained for
Pb(II). The plot of the regression coefficients versus
wavelength clearly show spectral features where the range
from 560 to 660 nm corresponds to an important fraction of
the the (I1)
(Supplementary Figure S10). As for Zn(II), an analysis of
the regression coefficients show that the selected range
overlaps the bands associated with the zinc complex
present in the PIM (Supplementary Figure S10). The
results of this section are in fact expected considering the

band associated with copper complex

previous discussion where a linear response of the PIM was
not observed in the 1—a as a function of log Cyy(ir) curve for
Pb(II) and where the loadings of the PCA analysis did not
clearly reflect the contribution of its spectrum to the analysis.
This means that the response curve of the optomembrane
towards Pb(II) is different respect to the cases of Zn(II) and
Cu(II). Even though, PLS modeling achieves to capture a
significant fraction of variation due to Pb(II) concentration,
being this method the most suitable for the simultaneous
determination of all metal ions.

To evaluate the presence of systematic errors, i.e., bias effects,
the slope and intercept values of the regression equations of the
parity plots for the test samples were subject to significant testing
using a joined F-test for both statistical parameters (Gonzélez-
Albarran et al., 2020). Table 2 summarizes the obtained results.
As observed no significant differences at the 95% confidence level
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between these values and the expected ones for the slope (=1) and
intercept (= 0) were observed (p-values > 0.05). In spite of this,
the inspection of the parity plots (Figure 10) clearly reveals that
the uncertainty in Pb(II) concentrations is still very high.

4 Conclusion

A transparent, homogeneous, and manageable PIM was
obtained using cellulose triacetate as polymeric support
plasticized with TEHP and PAN as a colorimetric reagent and
used to sensor Cu(II), Zn(II), and Pb(II) in aqueous medium. The
most significant variables within the detection process in
membrane sensors were those that are closely related to the
chemical reaction of the detection, that is, the concentration of
the metal cation and the number of active sites available in the
optomembrane, being this conclusion limited to the variables
considered at the levels of study of this work. The optomembrane
reached 95% of the optical signal attributed to the process of
formation of the different colorful complexes in 20 min,
regardless of the metal cation. The durability of the analytical
information present in the optomembrane was influenced by the
stability of the complexes formed and it was negatively affected
by the presence of natural light. The analytical signal remained
constant for 9 days for the detection of Pb(II) and Zn(II), while
for the case of Cu(Il) for 15 days. The CTA—TEHP—PAN PIM
was only satisfactorily reversible in the detection of Zn(II) during
three continuous detection-regeneration operating cycles. In the
case of Pb(II) and Cu(II) the polymer was not reversible; in any
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case the PIM can be considered as a probe (irreversible sensor,
disposable). PCA analysis revealed patterns in the synthetized
PIMs mainly associated with the characteristic color changes that
they present when exposed to the aqueous solutions containing
the metal ions in variable proportions. Three quantitative models
were constructed from the VIS spectra information using a
central composite design for the simultaneous detection of the
cations based on the MCR, ANNs, and PLS chemometric
methods. The best results were attained when the last method
was employed. Cu(II) and Zn(II) PLS determinations were
satisfactorily achieved but not Pb(II) ones, due to the
competition for the active sites of the chromophore and the
lower extractability of Pb(II) in comparison to the other metal
ions at the employed experimental conditions. Although no
systematic bias were observed in the evaluation of the parity
plots for the test samples of the PLS models, the uncertainty in
Pb(II) concentrations was still very high. According to these
results, in competing conditions for the ligand, metal ion
determinations are favor according to their extractability
under the employed experimental conditions.
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