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Abstract

In this work, two colourimetric sensors for metal ions detection are presented. The devices are obtained by fixing
two classical dyes, Eriochrome Black T (EBT) and 1-(2-pyridylazo)-2-naphthol (PAN), on the commercial paper sheet
“Colour Catcher®” (here named under the acronym CC) generally used in the washing machine to prevent colour
run problems. The devices are optical sensors, since the indicator dye, fixed on the solid material, changes its
spectral properties (colour and hence UV-vis spectrum) upon contact with the metal ion solution. We used the
partial least squares (PLS) regression for obtaining the relationship between the metal ion content and the UV-vis
spectrum change of each sensor.

Keywords: Dyes, Colourimetric sensors, Solid-phase spectroscopy, Metal ion detection, Partial least squares (PLS)
regression

Introduction
In the last decades, the detection of actually toxic metal
ions in the environment, food, biological samples, and
commonly used items has grown the interest due to
their ecosystems and human health adverse effects.
It has been recognized for years the role of metal ions

in biological systems. It is well known that some metals
are essentials, but others are toxic. Some are hypoaller-
genic such as nickel and silver, while others are essential
to all forms of life, for example, iron and zinc.
Although many metals are abundantly present in the

earth’s crust, environmental contamination and human
exposure arise from several anthropogenic activities.
Environmental pollution can also occur through metal
corrosion, atmospheric deposition, soil erosion of metal
ions and leaching of heavy metals, sediment re-suspension,
and metal evaporation from water resources to soil and
ground waters.
Consequently, fast and accurate detection of metal

ions has become a critical issue. Many analytical tech-
niques are being applied, in particular, atomic absorption

spectroscopy (AAS), atomic fluorescence spectroscopy
(AFS), inductively coupled plasma-mass spectroscopy
(ICP-MS), etc. All these techniques are expensive, labori-
ous, and time-consuming. They require a well-trained
analyst, often they need a pre-treatment step of the sam-
ples, and sometimes cleanroom facilities (Sharma 2016).
Conversely, optical sensors are particularly friendly,

thanks to their simple realization, affordability, and ease
of use; they also allow in situ and real-time monitoring.
In particular, disposable sensors are very versatile and

allow remote and continuous monitoring. They are de-
signed to be one-shot, do not experience the so-called
memory effects, and generally, they do not require clean-
ing between measurements. The recent studies propose
ionophore-based chemical sensors, prepared by fixing
different types of reagents, such as chromogenic, fluores-
cent, and ionophoric compounds on a solid support, like
polymer, filter paper, or a thin layer of metals (Duarte
2015; Kaur 2018; Ng 2010; Steimberg 2003; Vuković
2012). Recently, optical platforms based on nanomater-
ials have been developed for the detection of several
metal ions. Incorporation of nanomaterials and nano-
structures into optical sensors can improve the perform-
ance of devices significantly, in terms of sensitivity,
selectivity, multiplexed detection capability, portability,
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and on-site detection ability (Berlina 2019; Gogoi 2015;
Li 2013; Maruthupandy 2017; Ullah 2018; Yarur 2019).
The most described are fluorescent, surface-enhanced
Raman scattering (SERS), and surface plasmon reson-
ance (SPR) sensors.
Hybrid sensing materials have emerged as innovative

optical probes; they were prepared by the covalent grafting
of organic fluorescent molecules onto inorganic supports.
Considerable efforts have been dedicated to developing ef-
fective and innovative approaches for the design and syn-
thesis of hybrid sensing materials in order to obtain high
performance for ion detection and removal (Sun 2016).
Photonic crystals can reflect light and have emerged as

attractive materials for developing optical sensors. In
particular, hydrogel-based photonic crystals are proposed
to design various metal ion sensors (Moirangthem 2016).
If compared with electrochemical sensors, most opto-

chemical devices show significant advantages such as the
easy miniaturization process and the extensive broad of
applications.
We have already developed optical devices for metal

ions, using several different solid materials, for instance,
chelating resins, triacetylcellulose membrane, and filter
paper. Specifically for Fe(III), we studied different strat-
egies, synthesizing polymers or linking each different se-
lective ligands to natural or commercially available
supports (Alberti 2016; Biesuz 2014; Alberti 2015; Vallejos
2016; Biesuz 2018).
In the present research, we decided to move through a

new approach, developing colourimetric sensors with a
simple preparation strategy, standard reagents, and inex-
pensive items.
These devices are obtained by sorption of two conven-

tional dyes, on a commercial material: the Colour
Catcher®, a product of the washing powder market, dis-
tributed in Italy by Grey, a partner of the Henkel com-
pany, and in England by Dylon (https://www.dylon.com.
my/; https://www.casahenkel.it/brand/grey/grey-acchiap-
pacolore.html). This product is generally used in the
washing machine to prevent colour run problems. It was
chosen as excellent and cheap support for the selected
dyes; thanks to its properties, the ease in finding it, and
the low cost (it costs around € 0.2 per sheet of 11 × 25
cm).
Among different metal ions of environmental and bio-

logical interest, we focused on some divalent cations. In
particular, we prepared two different colourimetric de-
vices, selecting the following dyes:

� Eriochrome Black T (EBT), for Ca(II), Mg(II), and
water hardness determination;

� 1-(2-Pyridylazo)-2-naphthol (PAN), for Co(II),
Ni(II), and Zn(II); so obtaining their respective
sensors named EBT-CC and PAN-CC.

Before applying the new devices as optical sensors, we
characterized the solid phases and studied their sorption
properties.
To test the sensing properties of the optodes toward

the cations, we registered the UV-vis spectra of the de-
vice after equilibration with a single analyte or multiana-
lyte solutions.
The multivariate regression PLS (partial least squares

regression) is applied to correlate the analyte content
with the UV-vis spectrum change of each sensor.
PLS regression is a technique that combines features

from principal component analysis and multiple regres-
sion. The procedure of PLS is described in detail by
Gerlach and Kowalski (Gerlach 1979). Due to its ability
to extract information, nowadays, PLS regression based
on spectroscopic data is widely used.
PLS is commonly applied to the simultaneous analysis

of two datasets, such as spectra and concentration. Based
on several factors (latent variables), PLS builds the linear
model y = X·b, which allows the prediction of concentra-
tion (y) from measured spectra (X); b contains the regres-
sion coefficients obtained during the calibration step.
In detail, X is the n × m matrix of measured responses

obtained from spectrophotometry, where n is the num-
ber of samples and m is the number of wavelengths of
the whole spectrum.
y is the n × c concentration matrix of c analytes. b is

the n × c vector of regression coefficients, which is
solved for when PLS is calibrated. Knowing b, the cali-
brated model can predict new y concentrations from the
measured X spectra of unknown samples (Hassaninejad-
Darzi 2016).

Experimental
Chemicals and apparatus
All reagents were of analytical grade; MilliQ water was
used throughout. Calcium, cobalt, copper, magnesium,
nickel, and zinc standard solutions were obtained by di-
lution of 1000 mg/L ICP standards (Sigma-Aldrich,
Italy). Eriochrome® Black T (EBT) and 1-(2-pyridylazo)-
2-naphthol (PAN), in powder form, were obtained by
Sigma-Aldrich, Italy.
Colour Catcher® (hereafter CC) was bought in a typical

Italian supermarket.
FT-IR spectra were obtained on a Nicolet FT-IR iS10

spectrometer (Nicolet, Madison, WI, USA) equipped
with an ATR (attenuated total reflectance) sampling
accessory (Smart ITR with ZnSe plate) by co-adding 256
scans in the 4000–600 cm− 1 ranged at 4 cm− 1 reso-
lution. SEM measurements and energy dispersive micro-
analysis were performed using a Zeiss EVO MA10 (Carl
Zeiss, Oberkochen, Germany) coupled with an EDS de-
tector (X-max 50 mm2 Oxford Instruments, Oxford,
UK) on as-prepared samples deposited on a C bi-
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adhesive layer. An energy-dispersive X-ray spectroscopy
(EDS)-mapping (an EDAX Inc., USA) and an EDS
Genesis program, installed on the SEM instrument, were
used to analyze the elemental components of the
sample.
ICP-OES analysis of metal ion solutions were per-

formed by a PerkinElmer Optima 3300 DV (dual view)
(Perkin Elmer, Milan, Italy), instrument.
A Jasco V-750 spectrophotometer recorded the UV-vis

spectra of each sensor after equilibration. The instru-
ment is equipped with an FLH-740 Film Holder (Jasco
Europe S.R.L, Lecco, Italy) and a homemade holder
designed to make the spectrum acquisition easy and
quick. This holder was printed on a project of Simone
Marchetti, a PhD student in our department, with the
support and the facilities of the lab 3D@UniPV, Virtual
Modelling and Additive Manufacturing for Advanced
Materials (University of Pavia, Italy).

Characterization of the CC product
The Colour Catcher®’s success is due to the ability to
preventing colours run in the washing machine. The CC
sheet exhibits sequestration properties towards mole-
cules and ions when released by clothes, even in the
presence of surfactants and fabric softeners.
The sheet appears similar to textile, and it is pretty

rigid (96% of dry substance), but once wetted, it be-
comes soft. Often tissue dyes are ionic, so we tested the
Colour Catcher® sheet as an ion exchange device. A
Colour Catcher® package contains 16 sheets, of the same
dimension 11 × 25 cm, and it costs about 3/4 €. For our
purposes, the CC product was employed as delivered.
The bare material was characterized by ATR-IR and

EDX spectroscopies and by SEM.

Preparation of EBT-CC and PAN-CC sensors
Each dye was immobilized on the CC according to an ion
exchange process. The thereby obtained materials were
denoted hereafter EBT-CC and PAN-CC, respectively.
For practical reasons, one original CC sheet was cut in

2 × 2 cm pieces, of about 0.03 g.
The optode was obtained by contacting a piece of the

CC sheet with 10 mL of an aqueous solution of a proper
concentration of each dye for about 3 h. After rinsing
with MilliQ water, the product obtained was stable for
days.

Kinetic profiles and isotherms of the sorption of dyes on CC
We performed kinetic profiles and sorption isotherms by
using a discontinuous procedure. In 10 independent
plastic sealed vessels of 50 mL, CC bare pieces of 2 × 2
cm were put in contact with 10 mL of solution, at a suit-
able pH, and containing each dye at a known concentra-
tion. The sealed vessels were left gently stirring on a

shaking plate at constant room temperature. At a given
time for kinetic experiments, or after the equilibration
time for sorption isotherms, the stirring was interrupted,
and a sample of the solution phase was analyzed for the
ligand content by UV-vis spectrometry. The amount of
sorbed ligand, q (mmol g− 1), was determined by differ-
ence from the total.

EBT-CC and PAN-CC as sensors: application of the
multivariate regression PLS
As the central part of the work, we developed models
for assessing, in unknown samples, the concentration of
the tested analytes. We applied the chemometric tool
PLS (partial least squares regression) for reaching the
goal. For each sensor, we submitted to the PLS analysis
full UV-vis spectra of the solid phase after equilibration
with the analyte solutions. To plan the experiments re-
quired to create the PLS model (the so-called training set
), we referred to a suitable experimental design (Brerenton
1997) The regression model is first tested with a cross-
validated procedure on the training set, and then, on an
external data set, called the test set. Cross-validation is
any of various similar model validation techniques for
assessing how the results of a statistical analysis will ex-
trapolate to an independent data set. It is generally used in
settings where the aim is prediction, and one needs to esti-
mate how accurate is the predictive model. The goal of
cross-validation is to check the model’s ability to predict a
new dataset, in order to avoid problems like overfitting or
selection bias and to give an insight on how the model will
generalize to an independent and unknown dataset
(Kohavi 1995).
The method of cross-validation here applied is

leave-one-out cross-validation (LOOCV). This method
is performed by estimating n calibration models,
where each of the n calibration samples is left out
one at a time in turn. The resulting calibration
models are then used to estimate the sample left out,
which acts as an independent validation sample and
provides an independent prediction of each yi value,ŷi,
where the notation i indicates that the ith sample was
left out during model estimation. The process is re-
peated until all of the calibration samples have been
left out (Gemperline 2006).
We choose to analyze as external data set some actual

samples with a known content of the analytes. The
model was judged valid if the prediction error on the
concentration was around 10–15%.
For the PLS data treatment, we use the R-based che-

mometric freeware CAT (Chemometric Agile Tool) de-
veloped by the Group of Chemometrics of the Italian
Chemical Society (http://gruppochemiometria.it/index.
php/software)
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Actual samples
For water hardness, we sampled tap waters in the district
of Pavia (Lombardia, Italy). Before sampling, water was
left flowing for 15–20 min and then collected in 1 L
polyethylene bottle. Commercial mineral water (SANG
EMINI-Italy, mineral water rich in mineral salts, and es-
pecially in calcium(II) was also analyzed. Before analysis,
all samples were stored at a low temperature (e.g., 4 °C).
The following dietary supplements of Co(II), Ni(II),

and Zn(II) were analyzed as delivered or after suitable
dilution with MilliQ water: Fisiosol5® (Specchiasol, Italy);
Oligosol® (Labcatal, France) Catalitic® (Cemon, Italy);
Gammadyn® (Unda, Belgium). Each product contains a
different quantity of gluconate salts; Table 5 reports, in
the second column, the metal concentrations declared
on the packaging (cd).

Results and discussion
Characterization of Colour Catcher® product
The bare material was characterized by ATR-IR and
EDX spectroscopies and by SEM.
The ATR-IR spectrum reveals a polymeric structure of

the material, with bands below 1000 cm– 1. Several bands
of O–H stretching in the range of 3200–3600 cm− 1, and
C–O stretching at around 1050, 1103, and 1159 cm− 1,
could be attributed to ester groups. A band at 1735
cm− 1 may be assigned to carboxylic groups. Other
minor bands can be related to a reduced number of C–
C double bonds (see ESI, Additional file 1: Figure S1).
The EDX analysis confirms the presence of C, O, and

a slight amount of Cl and Na, probably present as Na+

and Cl−. Cl is present at about 1.4%, which corresponds
to 0.4 mmol/g (see ESI, Additional file 1: Figure S2).
SEM images show the fibre composition of the sheets
(see ESI, Additional file 1: Figure S3).

Sensor preparation
With preliminary experiments, we established the best
pH value for the sorption of each dye on the CC. After
that, at those pH, we built sorption isotherms for deter-
mining the maximum sorption capacity of CC toward
each dye.
As an example, the graph presented in Fig. 1 repre-

sents the sorption isotherm of EBT on CC at pH = 10.
Langmuir equation gave the best fitting for all dyes;
these results are summarized in Table 1.
We also performed kinetic experiments to establish the

suitable timing for obtaining stable and reproducible
sensors.
As an example, Fig. 2 shows the kinetic sorption pro-

file of PAN on CC, at pH 11. The stirring of the sam-
ples was kept constant on a shaking plate. The

Fig. 1 Sorption isotherm of EBT on the CC. w = 0.02 g; V = 25 mL at pH = 10; T = 25 °C. The continuous line is the fitting according to the
Langmuir equation (see parameters in Table 1)

Table 1 Sorption isotherms and kinetics of EBT and PAN on CC.
Parameters of the fitting according to the Langmuir equation.
The number in parenthesis is the standard uncertainty on the
least significant digit. The last column shows the time required
to reach the equilibrium (te) between CC and each dye

pH KL (M
− 1) qmax (mmol g− 1) te (h)

EBT 10 2.0 (2)∙105 0.155 (7) 2

PAN 11 8.0 (3)∙104 0.011 (2) 10
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Fig. 2 Kinetic profiles of PAN on CC. CC pieces of 2 × 2.5 cm (0.03 g) put in contact with 10 mL of 50 μM PAN solutions at pH = 11 for different
contact times. The black line is the fitting according to a film diffusion limiting process model

Fig. 3 UV-vis spectra and images of EBT-CC before (a) and after equilibration in Mg(II) solution (b) or Ca(II) solution (c)
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homogeneous particle diffusion model, HPDM (Alberti
2012), was applied for data fitting; the profile seems
well described by a film diffusion model, but this is
purely a qualitative indication. For assessing which of
the kinetic process limits the sorption of the dye, we
have to perform other experiments, but it falls outside
the purposes of this paper. Table 1, last column, shows
the time required to reach the equilibrium between CC
and each dye.
Once the procedure for the EBT-CC setup was estab-

lished, we studied the sorption of Ca(II) and Mg(II) on
the prepared sensor.
These two divalent cations form stable complexes with

the ligand (EBT) in solution, so we chose to refer to this
property for the development of a colourimetric sensor.
We decided to work with solutions buffered at a pH of

about 10 since it is well known that the sorption of the
ligand on the CC material and the complexation of
Ca(II) and Mg(II) occurs optimally at this basic pH.
The EBT-CC sensors took different colours after con-

tact with Ca(II) or Mg(II) solutions that can be related
to the nature and concentration of the cation. Figure 3
shows the spectra and the images of EBT-CC before and
after equilibration, respectively, with Mg(II) and Ca(II)
solutions.
Mg(II) was quickly sorbed on the EBT-CC since the

time needed to reach the equilibrium is about 10 min;
on the other hand, Ca(II) needed about 2 h to reach
equilibrium with the solid phase.
For each of the two metal ions, experiments were car-

ried out to study the sorption as a function of the ana-
lyte concentration. Experimentally, in 10 glass tubes
with stopper, all equal clippers of EBT-CC were equili-
brated for 2 h, at room temperature, under stirring on a
shaking plate, with 25 mL of ammonium buffer solution
at pH = 10, containing an amount of cation varying from
0 at 0.5 mM. After equilibration, the UV-vis spectra of
EBT-CCs were recorded. As aforementioned, we used
the partial least squares (PLS) analysis to find the most
suitable model able to correlate the spectra of EBT-CC
with the cation concentrations.
As an example, Fig. 4 reports the data processing with

PLS of the experiments performed for the system

Fig. 4 Software output for the PLS regression model, based on 6 latent variables, for the Mg(II) determination by EBT-CC sensor. The different
colours refer to two different experiments at low (red) and at high (green) metal ion concentration. (1) Comparison of the experimental points
with the points recalculated from the model; (2) the same comparison but in conditions of cross-validation. This plot assesses the variability of
the estimated parameters and its effect on the prediction

Table 2 Composition of the solutions used to build the PLS
model for the water’s hardness

Ca(II) (mg/L) Mg(II) (mg/L) M °F

Very soft 6 1 1.9 × 10− 4 2

Soft 18 4 6.1 × 10− 4 6

Medium 30 6 1.0 × 10− 3 10

Hard 45 9 1.5 × 10− 3 15

Very hard 70 15 2.4 × 10− 3 24

Extremely hard 100 20 3.3 × 10− 3 33
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Mg(II)/EBT-CC. The reasonably good fitting obtained
allows stating that the model is valid to interpret the ex-
perimental data, but from the CV plot, the significant er-
rors, especially at high concentrations, mean that the
results can be affected by imprecision.
Owing to the weakness of the previous model, we de-

cided to move on water hardness determination. So we
submitted full UV-vis spectra of EBT-CC, after equili-
bration with waters at different hardness, to a new PLS
analysis. The training set of samples, required to build
up the model, was obtained contacting EBT-CC sensors
with synthetic solutions at a different degree of hardness,
spanning from very soft to very hard waters (from 0 to
33 °F). The samples’ description and the PLS results are
reported in Table 2 and Fig. 5.
Differently from the previous model, in this case, a

reasonable prediction of water hardness can be antici-
pated given the less scattered CV plot.
About the limit of detection (LOD) and limit of

quantification (LOQ), they were obtained analyzing 10
independent blank solutions, and they were computed
as respectively 3 × σB and 10 × σB, where σB is the
standard deviation of the concentrations predicted by
the PLS models. The values obtained, expressed as
water hardness (°F), were LOD = 0.5 °F and LOQ = 1.7
°F. Linearity is between 0 and 40 °F.

For evaluating the predictive ability of the model, some
real samples were used as a test set. In the following
Table 3, the hardness values determined with the stand-
ard method of titration with EDTA and those predicted
by the PLS model, for a tap water sample and bottled
mineral water, are shown. As can be seen, the PLS
model was able to predict rather well the hardness of
the water samples examined: indeed, the prediction error
is less than 15%.
Since the metal ion concentrations in the real samples

here analyzed were in good agreement with those pre-
dicted by the PLS models, we can confirm that not other
cations interfere in these determinations.
To complete the work, we tested the EBT-CC sensor

in solutions containing possible interfering cations, in
particular, Cu(II); Mn(II); Zn(II) and Fe(III), which are
all well known to react with EBT and induce a colour
change. At different portions of 25 mL of the previously

Fig. 5 Software output for the PLS regression model, based on 5 latent variables, for the hardness determination by EBT-CC sensor. The different
colours refer to two different experiments at low (red) and high (green) hardness degree. (1) Comparison of the experimental points with the
points recalculated from the model; (2) the same comparison but in conditions of cross-validation. This plot assesses the variability of the
estimated parameters and its effect on the prediction

Table 3 Prediction of hardness values in water samples by the
PLS model, from UV-vis spectra measurements, using EBT-CC

Hardness (°F) Fit PLS (°F) e%

Tap water 13.5 11.5 − 14.8

SANGEMINI water diluted 2 times 43.5 47.6 9.4

SANGEMINI water diluted 4 times 21.9 23.1 5.4
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prepared synthetic water at a medium hardness degree
10 °F, we added different quantities of the supposed
interfering cations, spanning from 0 to 0.1 mM, at pH =
10. After contact with the EBT-CC sensors, the UV-vis
spectra were registered and submitted to the PLS model
as an external dataset. For all samples, the predicted
hardness values did not differ significantly from 10 °F,
with the average value of all these samples being 10.3 ±
0.6 °F.

PAN-CC sensor for Co(II), Ni(II), and Zn(II) determination
The PAN-AC optodes were prepared by immobilizing
the receptor, PAN, on clippings of the Colour Catcher®.
PAN-AC devices showed excellent mechanical proper-
ties and did not release the ligand in aqueous solution.
Preliminarily, we studied the sorption profile of PAN

on the CC clippings as a function of the solution pH,
registering the UV-vis spectrum of the solid phase after
equilibration. From solutions at pH higher or equal to
10, an evident and intense peak at 465 nm appeared; on
the contrary, at a lower pH, the spectra showed broad-
band. So, it was decided to work at a pH higher than 10
since the peak is most clear and evident.
Having so defined the best pH for the sorption of the

PAN on the CC, we studied the sorption of the three se-
lected metal cations: Co(III), Ni(II), and Zn(II) on the
PAN-CC, equilibrating the solid phase with metal cat-
ions solutions at pH = 10 in ammonium buffer. Figure 6
shows the spectra and the images of the PAN-AC sensor
before and after contact with the metal ion solutions.
About the kinetic, the time required to reach the equi-

librium when PAN-CC was contacted with the three

transition-metal salt solutions is rather long, as it took
about 12 h.
Langmuir model described well the sorption isotherms

for all ions, obtaining a maximum sorption capacity,
qmax, of about 0.01 mmol/g at pH = 10.
Finally, we developed a model for simultaneously

assessing, in an unknown sample, the concentration of
Co(II), Ni(II), and Zn(II).
UV-vis spectra of the solid phase under quantitative

adsorption conditions (pH = 10, overnight loading of
cations, and excess of active sites of the solid phase)
were registered using the entire spectrum for the ana-
lysis. Since the methodology required the planning of a
suitable “training set,” we prepared it by mixing standard
solutions of the three cations, at different concentra-
tions, covering the experimental domain symmetrically
by applying an experimental design. For this work, we
chose the experimental design with five concentration
levels, based on multilevel partial factorial design
(MPFD) (Brerenton 1997). In the book of Brerenton
(Brerenton 1997), a proper guideline for designing a
series of multicomponent mixtures for calibration is re-
ported. Table 4 presents the plan of the experiments, ob-
tained by MPFD design with five concentration levels.
The satisfactory ability of PLS to model the experimental
data is evident from the rather good agreement between
the measured and fitted values, as shown in Fig. 7.
For the Zn(II), the dispersion of the data is higher than

that of the other two cations, probably due to the con-
siderable ease of contamination during the experiments
in the presence of ubiquitous cations as Zn(II), resulting
in poorly accurate determinations.

Fig. 6 UV-vis spectra and images of PAN-CC before (a) and after equilibration in Co(II) (b), Ni(II) (c), and Zn(II) (d) solutions
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The limit of detection (LOD) and limit of quantifica-
tion (LOQ) are calculated as respectively 3 × σB, and 10
× σB, where σB is the standard deviation of the concen-
trations for blank solutions (10 replicates) obtained from
the PLS models. The values are in the following summa-
rized: Co(II), LOD 0.80 μM, and LOQ 2.7 μM; Ni(II),
LOD 0.33 μM, and LOQ 1.1 μM; Zn(II), LOD 0.81 μM,
and LOQ 2.7 μM. The linearity range is from 0 to 10
μM for all cations.
The regression model is always first tested with a

cross-validation procedure on the training set, and
then, on an external data set, called the test set. A
series of independent samples of the investigated cat-
ions were prepared for this purpose. As an additional
validation test, we analyzed four dietary supplements
of Co(II), Ni(II), and Zn(II). Table 5 summarizes the
results. Comparing the concentrations declared on the
packaging with the predicted values by the PLS
models, the differences are modest, being, in any case,
less than 15%. Based on these results, the PAN-CC

sensor seems promising for the simultaneous deter-
mination of Co(II), Ni(II), and Zn(II).

Conclusions
We developed optical sensors by immobilization of two
classical dyes, Eriochrome Black T (EBT) and 1-(2-pyri-
dylazo)-2-naphthol (PAN), on an inert solid support, i.e.,
a product of the washing powder market known as
Colour Catcher®. The devices obtained are named EBT-
CC and PAN-CC, and they acted as excellent sensors,
respectively, for Ca(II) and Mg(II), and for Co(II), Ni(II),
and Zn(II).
These sensors were easily prepared by immersion of

portions of CC in aqueous solutions of the dyes. For
each receptor, we have found the best experimental con-
ditions for the sensor’s preparation.
These devices assumed different colours after equili-

bration with solutions of the analytes, and this property
was used to develop optical sensors since the colour

Table 4 MPFD experimental design: 5 levels for 3 components. V = 25 mL of ammonia buffer solution at pH = 10 and 0.033 g of PAN-CC

Variable levels Design of experiments

Level c (μM) [Co] [Ni] [Zn]

− 2 0 1 0 0 0

− 1 3.5 2 0 − 2 − 1

0 4.5 3 − 2 − 1 − 2

1 5.5 4 − 1 − 2 2

2 7 5 − 2 2 2

6 2 2 0

7 2 0 − 1

8 0 − 1 2

9 − 1 2 − 1

10 2 − 1 1

11 − 1 1 1

12 1 1 0

13 1 0 2

14 0 2 1

15 2 1 2

16 1 2 − 2

17 2 − 2 − 2

18 − 2 − 2 0

19 − 2 0 1

20 0 1 − 2

21 1 − 2 1

22 − 2 1 − 1

23 1 − 1 − 1

24 − 1 − 1 0

25 − 1 0 − 2

Alberti et al. Journal of Analytical Science and Technology           (2020) 11:30 Page 9 of 12



Fig. 7 Software output for the PLS regression model: Co(II), Ni(II), and Zn(II) on the PAN-CC sensor. a Model for Co(II); b model for Ni(II); c model
for Zn(II). The different colours refer to five replicates at different metal ion concentration. (1) Comparison of the experimental points with the
points recalculated from the model; (2) the same comparison but in the conditions of cross-validation. This plot assesses the variability of the
estimated parameters and its effect on the prediction
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variation can be correlated with the nature and the con-
centration of the analyte sorbed.
For analytical applications, it is fundamental to provide

a model that correlates the signal (the UV-vis spectrum
of the sensor after equilibration with the analyte solu-
tions) and the concentration of the analytes. To this end,
we decided to apply a chemometric tool: the multivariate
regression PLS (partial least squares regression).
The models obtained proved their worth in predicting

the concentrations of the analytes in aqueous, synthetic,
and actual samples. The results obtained are promising,
and other experiments are ongoing for improving the
performance of these optical sensors.
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