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Abstract

The detection of mercury ions in drinkable water is a challenging task, because this heavy metal should be detected in
very low concentrations. While analytical laboratory instruments can allow reaching the required sensitivity, the need of
continuous monitoring of water samples by chemical sensors is more difficult. In this work we report the development
of a simple colorimetric approach, based on the color variation of a free base porphyrin upon interaction with Hg(I1)
ions. The support is made by Colour Catcher® strip embedded by the tetra (4-carboxyphenyl)porphyrin; the anionic
character of the porphyrin allows a uniform and stable deposition onto the positively charged solid support. An optical
platform, composed by commercial electronic devices, such as LED and web cam, coupled to a PC has been developed
to digitalize the images of the strip color changes upon the flux of water solution containing Hg(ll) ions. Homemade
software developed in Matlab, using the Hue parameter, was exploited to analyze the color changes, allowing reaching
a LOD three times below the Hg(l1) legal limit stabilized by WHO. The device also showed a good selectivity towards

other potential interferent metal ions, demonstrating the potentialities of this approach in the real field.
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Highlights
e Colour Catcher®is a cheap and functional solid support for dyes
e Porphyrins reversibly interact with Hg(I1) ions undergoing color changes
e Cheap electronic devices are used to develop an optical sensor platform

e Detection of Hg(lIl) below the WHO limit is reached in water samples



Introduction

The access to drinkable water is nowadays an important issue, due to the potential sources of pollution from
anthropogenic as well as natural sources [1]. Among inorganic pollutants, heavy metal ions play an important role for
their harmful effects on the environment and human health [2], because their extensive uses in different fields of
applications led to their spread in the environment, with the consequent accumulation in humans [3]. Among the
different heavy metals, mercury has been one of the most studied, because of its diffused use and toxicity; the intake of
high doses of mercury can induce in humans’ abdominal colic pain, bloody diarrhea, kidney failure and brain damages
[4], while a continuous intake of low doses of mercury can lead, after a long period of time, to several dangerous health
complications altering brain functions: neuropsychiatric disorders including fatigue, anxiety, memory problems and
detrimental impacts on intellectual function in children [5]. The World Health Organization’s (WHO) in 2017 has
established a very low value equal to 0.006 mg/L ([Hg*] max = 3x10 ®mol L™) as the legal limit of mercury allowed in
drinking water [6].

This low concentration limit generally restricts the possibility of Hg(ll) detection to the use of analytical chemistry
instrumentations, but these protocols prevent the possibility of in-field continuous monitoring of water sources due to

both the time necessary to analyze the sample and the relative cost of these analyses.

To overcome these limitations, the development of low cost, sensitive and easy to handle devices is nowadays required
[7]. A great interest has been devoted to the realization of optical sensors, because these devices can possess fast
response, good sensitivity, low costs of their realization, the simplicity of their use and easy signal acquisition [8],

which can satisfy the requirements for prompt in-field analyses of water samples.

Furthermore widely distributed electronic devices, such as smartphones and webcam, can be exploited to develop cheap
sensing platforms, making optical sensors easily available for practical applications [8,9]. In some cases, even “naked-

eye” detection can be possible, simplifying even more the operation mode.

Porphyrins have been widely exploited as sensing materials in optical sensors, because of the richness of their
photophysical properties and the possibility to tune them by synthetic modifications [10]. Furthermore porphyrins are
also versatile chelating systems, able to host several ions in their binding pocket, and for this reason they are powerful

receptors to detect cations in a complex matrix [11,12] and develop optimized optical sensor arrays.

The coordination of a Hg(ll) ion into the porphyrin core, for example, induces important variations in the UV-Vis

spectrum of the macrocycle, making a strong color variation that is observable by naked eye [13].

The deposition of the sensing material onto a suitable solid support is a key step to develop a suitable optical sensor and
in literature is reported the use of Fe;0,@SiO, core magnetic microspheres to immobilize 5-(4-aminophenyl)-10,15,20-
triphenylporphyrin for Hg(ll) ion detection [14]. While this system appears to have excellent selectivity for the
detection of mercury ion in view of the colorimetric variation from reddish to the green color when exposed to mercury
ions in solution, sensitivity results not suitable for the detection of trace amounts of Hg?*, since no color change was
observed when the concentration of Hg?* is lower than 4x10®° mol L™ In a later work, a colorimetric sensor was
developed based on a polymer fibre functionalized by a porphyrin molecule (CTAPP-PANAF) [13]. The functionalized
fibre showed a significant color change when exposed to mercury ion samples, with sensitivity better than that of the
Fe;0,@Si0, system; furthermore, the developed sensor can be used directly for the analysis of aqueous samples,

without using any other organic solvent. Despite the good sensing performance, the CTAPP-PANAF system shows



however two great critical issues: the used materials are expensive, and the detection limit, although low, is not

sufficient to detect quantities below the legal limit value allowed in drinking water by WHO ([Hg**] max = 3x10 ¥ M).

In this work we propose the use of the Colour Catcher® (CC) as a low-cost solid support with a proper optical set-up
that allows reaching the sensitivity necessary for the trace detection of mercury ions together with an excellent

selectivity versus other heavy metal cations.
Material and Methods

Materials

TCPPH, (P*) was synthesized in accordance to the literature [15], HgCl, (Sigma Aldrich) was commercially available
and used as received. Colour Catcher® (CC), distributed in Italy by Grey (partner of the Henkel Company) and in
England by Dylon, was bought in an Italian supermarket.

Apparatus

UV-Vis spectra were performed with a Cary 100. A white LED was connected to bench power supply Eventek
KPS3010D (0-30 V; 0-10 A). A digital camera Philips SPC900NC for notebook with a resolution of 352x288 pixels
was used for recording the optical response. In flow measurement, a peristaltic pump PBI —international MS-Reglo was

used, setting the flow rate at 6.5 mL/min.

Figure 1 The optical setup used for measurements (webcam, LED, homemade holder, PC, bench power supply,
peristaltic pump). On the right, the homemade holder in open and close configuration, where is inserted a
CC@TCPPHj,strip cut in circular shape.

Preparation of the CC@TCPPH, sensor

TCPPH, (P*) (0.708 mmol, 0.560 g) was dissolved in water (90 mL) and NaOH (0.1 M, 10 mL) was added in one
portion. The mixture was stirred overnight at room temperature and the obtained solution was diluted 1:5 to achieve the
final porphyrin concentration of 1.45 x10° M. A CC sheet of 35 cm? was dipped into the porphyrin solution for 5
minutes and then dried on a plate heated at 50 °C. The obtained CC@TCPPH, sheet was washed with water and dried
at 50 °C for three consecutive times to remove the porphyrin excess. The amount of porphyrin loaded onto the CC sheet
(0.13 mg/cm?) was calculated by UV-visible spectroscopy by measuring the porphyrin concentration (after the 1:1250
dilution) before and after the immersion of the CC into the porphyrin solution.

Optical measurements



Individual solutions of Hg** were prepared dissolving the proper amount of HgCl, in 2 L of distilled water to obtain
mercury ions in the 1.0 x 10®— 1.0 x 10* M concentration range. In all the samples the pH value was monitored before
each measurement and adjusted at neutral pH by HCI or NaOH. In case of spectroscopic measurements, CC@TCPPH,
was cut in a rectangular shape and inserted in a standard 1 cm cuvette containing the solution to be tested. For the
colorimetric sensor set-up, the CC@TCPPH, sensor was cut in a circular shape, with a diameter of about 0.6 cm and
then inserted in a homemade transparent polymethyl methacrylate (PMMA) holder fitted with a rubber O-ring as a
gasket to prevent leakage (Figure 1). The holder has inlet and outlet connectors to allow the solution fluxes and interacts
with the indicator. The flow was regulated by a peristaltic pump at the fixed rate of 6 mL/min. The water samples were
made fluxed one-way through the measurement chamber without recirculation to prevent contamination or changes in
the Hg** concentration of solutions. A commercial white LED served as excitation light sources, and a digital webcam
was utilized to record the indicator scene. Illumination power stability has been tested by recording 12 hours baseline
under distilled water flow. The measurement cell was closed in a black box that shields the sensor scene from ambient
illumination. Before each measurement, indicators were conditioned for 5 minutes by fluxing distilled water. The signal

from camera was acquired and elaborated by in-house Matlab codes.

Results and Discussions

The CC is made up of strips of natural or artificial fabric (non-woven fabric), usually pressed between two steel
cylinders [16] and it is generally used to absorb any leached colors in the wash avoiding clothes color changes. In
general, the CC sheets are able to absorb the most common tissue dyes since they are made of polymer functionalized
with positively charged groups (cationic polymer) [17] that act as electrostatic traps for negatively charged tissue dyes.
In the literature few examples are reported about the use of CC as solid support for commercial anionic dyes [18]. These
functionalized strips have been employed to detect metal ions or sulphides and thiols in liquid phase, but also in
colorimetric gas sensor array to identify the degradation process of different meat and fish foods [19,20]. Since water-
soluble indicators are easily absorbed in the CC, in this work we decided to deposit onto the CC sheets a water soluble
and negatively charged tetrakis(4-carboxyphenyl) porphyrin, TCPPH, (P*) by following a novel protocol, with the aim

to detect mercury ions in aqueous solutions.

CC@TCPPH, characterization

Remarkably, the absorbance spectra in the UV-Vis region was recorded in the linear range of the instrument by simply
immerging the CC strip into a cuvette filled with water. Thereby, the spectroscopic technique can be utilized to
investigate the properties of porphyrin films coating onto the CC. In distilled water, the functionalized CC strip
preserves the characteristic spectral profile of porphyrin, showing well resolved Soret and four Q bands, red-shifted of
around 7 nm with respect to those showed by TCPPH, (P*) in water solutions (Figure 2a), suggesting that no strong
porphyrin aggregation occurs onto the fibres. Furthermore, the spectra did not change within weeks, ruling out the
occurrence of porphyrins leakage from the CC into solution over the time. The SEM images of CC@TCPPH, sample
confirmed the high porosity of this polymeric material (Figure 2b and c), which consists of a very dense and

homogeneous texture of fibres, making CC extremely effective for the uniform absorption of the water soluble receptor.



CC@TCPPH2

a) 415nm 422 om — TCPPH2
1

350 400 a50 500 550 600 650
Wavelength (nm)

Figure 2 a) UV-Vis spectra of TCPPH,and CC@TCPPH, in distilled water. b) and c) SEM characterization of the
TCPPH, (P*) functionalized Colour Catcher® surface.

UV-Vis mercury detection by CC@TCPPH,

In presence of mercury ions, CC@TCPPH, showed a clear colorimetric variation from dark pink to dark green

observable to the naked eye (Figure 3).
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Figure 3. The reversible coordination of mercury ion in the central core of the TCPPH,. Below, the colorimetric
variation of CC@TCPPH, caused by the mercury coordination, from dark pink (non-coordinated species) to bright
green (coordinated species)

The UV-Vis spectroscopy allowed us to detect the spectral changes and investigate the interaction mechanism ongoing
directly on the solid-state sensor. Different CC strips, cut with the shape and size of a cuvette, were dipped in HgCl,
solutions of increasing concentrations. Figure 4 reports the UV-Vis profiles of CC@TCPPH, after one hour from the
immersion in solutions at different Hg(l11) ion molarities. At higher concentrations, the porphyrins immobilized into the
CC started to gradually coordinate the mercury ions, as evidenced by a clear color change to dark green. The UV-Vis
profile presented a 14 nm Soret band shift (Figure 4a, green trace), accompanied by broadening of the Q bands (Figure
4b, green trace). These changes can be ascribable to the formation of the sitting-atop complex [10], where the ion is not
completely inserted into the tetrapyrrolic core (Figure 3). At an intermediate concentration ([Hg**] = 4,5 uM), the UV-
Vis spectra evidenced an intermediate profile between the coordinated and uncoordinated forms and an intermediate

color between dark pink and green.
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Figure 4 a) UV-Vis spectral variations of CC@TCPPH, after one hour from the immersion in different solutions:
water (red, not coordinated species), HgCIl, 4,5 uM (blue, intermediate species) and 0,1 mM (green, coordinated
species). b) Magnification of Q bands region.

To have further insights supporting the proposed interaction mechanism, we studied by UV-Visible spectroscopy the
interaction between TCPPH, (P*) and HgCl, in water solution. It is well known that mercury ions react with
porphyrins by forming out-of-plane complexes showing different Hg?*/porphyrin ratios. For example, it is reported that
the formation of HgP, Hg,P, (Hg®*/porphyrin =1:1) and HgsP, (Hg*"/porphyrin = 3:2) complexes is strongly dependent
on the porphyrin concentration [21]. According to these assumptions, the titration of TCPPH, (P*) with HgCl, was
performed at different porphyrin concentrations. As reported in Figure 5a, at low concentration (2 x 107 M of
TCPPH,) HgClI, reacted with the free porphyrin P* by forming two different species. Firstly, the decrease of the P*
adsorption (415 nm) was observed together with the raising of a new one at 424 nm (Figure 5b) [22] which, based on
literature, was attributed to [HgP*]X, (X = ClI or OH), the sitting-atop complex [21]. The observation of the isosbestic
point at 419 nm revealed the direct transformation of P* into the [HgP*]X, species. Then, the further addition of HgCl,
to the reaction mixture (Figure 5c¢), was responsible for the direct transformation, as proved by the presence of the

isosbestic point at 431 nm, of the [HgP*]X, into [HgsP*,]X, that show the maximum of adsorption at 441nm.

It should be noted that at higher P* concentrations (2 x 10° M of TCPPH,), the formation of [HgP*]X, was not
observed and the complex [HgsP*,]X, was the only species present in the reaction medium (Figure S1). In addition, by
working at high porphyrin concentration some aggregation process can also occur, as revealed by the presence of broad
adsorption bands in the UV-Vis spectrum.

Spectral changes observed when CC was reacted with HgCl,, resemble the process reported in Figure 5b which is
associated to the establishment of weak Hg**/porphyrin interactions due to low porphyrin concentrations. Together with
the well resolved peaks reported in Figure 4, this is a further evidence of the low aggregative state of porphyrins onto
the CC that in turn was supposed to promote the weak 1:1 ratio Hg**/porphyrin interaction, as similarly described above

for the formation of [HgP*]X, species in water solution.
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Figure 5 a) Titration of TCPPH, (P*) (2 x 107 M) with HgCl, in water under diluted conditions, b) decrease of the P*
adsorption at 415 nm and c) transformation of the [HgP*]X, into [HgsP*,]X,

Colorimetric Measurement by CC@TCPPH,

After assessing the interaction mechanism by spectroscopic measurements, colorimetric variations were recorded by a
webcam keeping the CC@TCPPH, under a constant sample flow. The acquired data were processed by a homemade
software developed in Matlab, aimed at extracting the intensity of color variation occurring in a Region of Interest
(ROI) utilizing the Hue as parameter. Hue belongs to the HSB (Hue Saturation Brightness) system, whose color space
representation is based on human perception of a color. Here Hue degrees are normalized in [0,1] range and sensor
response, AHue, has been considered as the variation from the initial Hue value. The use of this parameter greatly
improves the stability of sensor response over background illumination changes, e.g. due to LED instabilities, since it
correlates only with the color tone variation. Furthermore, RGB codification usually requires multivariate regression
curves for the estimation of analyte concentrations. On the contrary, Hue compresses the information about color
variation utilizing a single parameter, which makes easier the following sensor calibration. A second consideration
concerns the use of a webcam as detector, which offers the possibility of averaging the indicator response over a large
number of points, i.e. the pixels selected in the ROIl. Averaging process attenuates the rms value of noise by a YN
factor, where N in our case corresponds to ROI pixels that are approximately 10*. Despite the choice of low-resolution

video, we found that the rms value of noise is lower than 0.001.
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Figure 6 Temporal evolution of the Hue through the representation of frames captured over the time during the flow
measurements of a [Hg?"] = 50 uM sample. On each image the value of Hue is represented according to scale of color
map (left). Hue trend for each different ROl (Region of interest) integrated by the software: close to inlet hole (red), in
the center (blue), close to outlet hole (green) and entire surface area (black).

Figure 6 reports an example of the recorded response of the sensor scene when 50 pM solution of HgCl, was fluxed.
The color maps report the Hue variation with respect to the initial value. From the image sequences it is possible
observing the response of the membrane over the time, correlated with the flow direction as the result of the diffusion
process of the analyte through the CC. The region of the CC closest to the inlet connector begins to respond (yellow and
then green color in the map) and this variation is gradually spread all over the CC within 10 minutes. These images
evidenced that the main limitation to time response is the lateral diffusion of the analyte in the membrane. Response
time can be improved either by reducing the dimension of indicator disk, or by selecting a small ROI around to the inlet
as confirmed, for example, by red dashed circle and corresponding response trend in Figure 6b and 6¢. To avoid
alterations due to changes in the relative proximity from the inlet hole during the different measurements, hereinafter
results are referred to the response associated to the whole indicator area (black circle in the Figure 6b). The integration
on the entire membrane surface therefore caused the loss of optical information about the short response times but
allowed to strongly decrease the noise of the device, since it processed several interaction sites on the entire sensor
surface. Thus, it was possible to decide whether to integrate only in the area close to flow inlet hole, if interested about a
quickly answer despite an increase of device noise, or whether to integrate the entire membrane area, if interested about
the long-term response allowing to drastically reduce the device noise. In conclusion, the porphyrin quickly coordinated
the mercury ions turning green in the nearby of inlet hole; the remaining response time was due to the diffusion of the
analyte trough the porous CC medium. The porosity of the polymer fibres, confirmed by SEM images (Figure 2),
allowed the analyte to easily spread across the entire membrane and to come rapidly into contact with the deposited

receptor.
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Figure 7 a) Langmuir isotherm fit of AH value recorded at equilibrium condition, after 6 hours of sample flow, as a
function of logarithm of [Hg?**] concentrations in the range [10 nM-0,1 mM]. b) Linear fit in the concentration range
[Hg*1 = [10 nm-1uM].

Figure S3 shows the temporal evolution of AHue value. The saturation maximum value of the final colorimetric
variation was proportional to the metal ion concentration that interacted with the macrocycle core. Calibration curves
were performed at increasing HgCl, concentrations in 10 nM to 0.1 mM range, recording the final saturation maximum
value of AHue observed after 6 hours. Using semilogarithmic scale (Figure 7a), responses follow a sigmoid trend with
the mercury concentration in solution. Considering the overall interval, data can be fitted by Langmuir isotherm
observing a good capability to explain the color changes over Hg®* concentration (R? = 0.9806) and relatively low

RMSEC (root mean square error in calibration).

Since legal limit of mercury in drinking water is equal to 6 pg/L ([Hg*'] ma = 3 x 10 mol L™) [6], colorimetric
measurements around this concentration were performed to test the system performance for applications in real field
conditions (Figure 7b and Figure 8). Calibration showed a good linearity at low concentration (Figure 7b) confirming
the possibility to utilize the proposed approach in applicative contexts. Furthermore, response signal was significant for

analytical purposes at [Hg*"] = 10 nM, three times below mercury legal limit in water.
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Figure 8 Optical responses in terms of Hue for [Hg®*] = 10 nM (yellow line), 30 nM (orange line) and 70 nM (blue
line)



Finally, considering that the sensor selectivity is a further parameter to be considered, the CC@TCPPH, sensor
response was tested in presence of four other metal ions: Zn*, Cu®*, Cd®*, Pb?*. In this regard, optical measurements
were made for independent solutions of each metal ion at a concentration of 50 uM, which corresponds to a
concentration above the legal limit of all these metal ions in drinking water, as established by WHO [6,23]. The Hue
response negligibly changed after 1h from the immersion into contaminated water samples. On the other hand, at the
same concentration mercury produced a dramatic color change to dark green after few minutes, leading to a sharp
increase of the Hue value. The comparison between Hue values recorded after 1 hour confirmed the great selectivity of
the sensor for mercury (see Figure 9), excluding any colorimetric alteration due to the presence of other possible
interfering metal ions in the real water samples. The outcomes confirmed that the investigated sensing approach is a
viable solution for real-world mercury detection, further considering the extremely low sensitivity to the other metal

ions that can generally occur in water samples.
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Figure 9 Comparison of A Hue values recorded after 60 minutes of measurement in independent solutions of Pb?",
Cd2+, Zn2+, Cu2+, HgZ+at the concentration of 50 puM.

Conclusions

The instrumental setup of the CC@TCPPH, sensor showed an excellent sensitivity, able to detect even small traces of
mercury in aqueous samples (up to 1 x 10 M), below the limit value legally allowed in drinking water [6]. This is a
very good achievement, since, to the authors best knowledge, previously reported colorimetric sensors did not show a
sensitivity sufficient to detect such small amounts of mercury [12,13]. The response times were extremely short for
concentrations in the 10°-10° M range; in the first 15 minutes a signal was clearly distinguishable from the noise,
making the system a suitable device for real-time analysis of water resources. The sensor showed a great selectivity for
the mercury and was able to preserve the measurement from the matrix effect by possible contaminants in real water
analysis. All these properties make the CC@TCPPH, perfectly suited to in situ monitoring of natural water sources or
industrial discharges. This work paves the way for the future development of sensors array using the CC as a common

and versatile solid support for a wide range of receptors. An array that uses receptors of different nature, each one with



a different selectivity to the various analytes present in a complex matrix as sample, can be able to perform a complete

analysis about matrix composition.
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Figure S1: Titration of TCPPH, (P*) (2 x 10"° M) with HgCl, in water under concentrated conditions.
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Figure S2 Color representation system HSB (Hue, Saturation, Brightness).
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Figure S3 Variation of the AH parameter during flow optical measurement of the [Hg*] = 4,5 uM solution(left). Photos

captured by the web cam from the optical measurement video at different time intervals (right).



