

  coatings-12-00377




coatings-12-00377







Coatings 2022, 12(3), 377; doi:10.3390/coatings12030377




Article



Electrical Method for In Vivo Testing of Exhalation Sensors Based on Natural Clinoptilolite



Gianfranco Carotenuto 1,*[image: Orcid] and Luigi Nicolais 2





1



Institute for Polymers, Composites and Biomaterials (IPCB-CNR), National Research Council, Piazzale E. Fermi, 80055 Naples, Italy






2



Engineering Faculty, University of Naples “Federico II”, Corso Nicolangelo Protopisani, 80146 Naples, Italy









*



Correspondence: giancaro@unina.it; Tel.: +39-3384045292







Academic Editor: María Dolores Fernández Ramos



Received: 21 February 2022 / Accepted: 10 March 2022 / Published: 13 March 2022



Abstract

:

Natural substances with a complex chemical structure can be advantageously used for functional applications. Such functional materials can be found both in the mineral and biological worlds. Owing to the presence of ionic charge carriers (i.e., extra-framework cations) in their crystal lattice, whose mobility is strictly depending on parameters of the external environment (e.g., temperature, humidity, presence of small gaseous polar molecules, etc.), zeolites can be industrially exploited as a novel functional material class with great potentialities in sensors and electric/electronic field. For fast-responding chemical-sensing applications, ionic transport at the zeolite surface is much more useful than bulk-transport, since molecular transport in the channel network takes place by a very slow diffusion mechanism. The environmental dependence of electrical conductivity of common natural zeolites characterized by an aluminous nature (e.g., chabasite, clinoptilolite, etc.) can be conveniently exploited to fabricate impedimetric water-vapor sensors for apnea syndrome monitoring. The high mechanical, thermal, and chemical stability of geomorphic clinoptilolite (the most widely spread natural zeolite type) makes this type of zeolite the most adequate mineral substance to fabricate self-supporting impedimetric water-vapor sensors. In the development of devices for medical monitoring (e.g., apnea-syndrome monitors), it is very important to combine these inexpensive nature-made sensors with a low-weight simplified electronic circuitry that can be easily integrated in wearable items (e.g., garments, wristwatch, etc.). Very low power square-wave voltage sources (micro-Watt voltage sources) show significant voltage drops under only a minimal electric load, and this property of the ac generator can be advantageously exploited for detecting the small impedimetric change observed in clinoptilolite sensors during their exposition to water vapor coming from the human respiratory exhalation. Owing to the ionic conduction mechanism (single-charge carrier) characterizing the zeolite slab surface, the sensor biasing by an ac signal is strictly required. Cheap handheld multimeters frequently include a very low power square-wave (or sinusoidal) voltage source of different frequency (typically 50 Hz or 1 kHz) that is used as a signal injector (signal tracer) to test audio amplifiers (low-frequency amplifies), tone control (equalizer), radios, etc. Such multimeter outputs can be connected in parallel with a true-RMS (Root-Mean-Square) ac voltmeter to detect the response of the clinoptilolite-based impedimetric sensors as voltage drop. The frequency of exhalation during breathing can be measured, and the exhalation behavior can be visualized, too, by using the voltmeter readings. Many handheld multimeters also include a data-logging possibility, which is extremely useful to record the voltage reading over time, thus giving a time-resolved voltage measurement that contains all information concerning the breathing test. Based on the same principle (i.e., voltage drop under minimal resistive load) a devoted electronic circuitry can also be made.
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1. Introduction


Materials with a unique combination of properties (multifunctional materials) can be found among natural substances characterized by significant structural complexity [1]. When a possible application for such nature-made materials has been identified, the development of a device with performance comparable to that of systems based on artificial substances can follow [2]. There are also examples in the literature in which similar technological results cannot be reached with comparable performance by using manmade materials [3,4]. As a consequence, the capability to identify the applicative potentiality hidden in the most common natural substances represents the key factor to come in the technological exploitation of nature-made materials, thus promoting sustainability. Among the different available natural substances, the most powerful potentialities have been found in complex types of solids, since their artificial replication is quite difficult [5,6]. Numerous natural systems have extreme complexity, because complexity is the intrinsic characteristic of the whole natural world [7]. For example, there are a number of biological tissues, mineral substances, and biominerals with specific physical properties, such as piezoelectricity, electrical conductivity, magnetism, etc. (e.g., onion skin, diatomite, eggshell, etc.) [1,2], that are advantageously exploitable for different technological applications.



Natural zeolites represent an interesting class of multifunctional materials, and a number of potentially useful physical and chemical characteristics of these mineral substances have been industrially exploited [8,9,10,11,12,13,14]. Usually, natural zeolites have a quite low Si/Al atomic ratio, and for such a reason they are named “aluminous zeolites”, in contrast with the “high-siliceous zeolites” that are mainly originated by synthesis. Owing to the aluminum atoms contained in these chemical compounds, the presence of as many extra-lattice cations required to balance the negative charge localized on the aluminum atom follows. Natural zeolites contain different types of cations (typically Na+, K+, Ca2+, Mg2+, and Fe3+), and since these cations may have single or multiple charge, there is a significant fraction of the aluminum atoms in the lattice with unbalanced negative charge. Consequently, electrical transport in zeolite lattice becomes possible by cation hopping among the neighbor negatively charged sites [15,16]. Natural zeolites are therefore solid-state ionic conductors with single-charge carrier (usually corresponding to the largest monovalent cations present in crystal lattice, since they have the lowest charge density [17]). However, these crystalline solids may conduct electricity only at high temperature (since in this case a larger fraction of charge carriers have enough energy exceeding the activation barrier required for jumping between the nearest negative sites) or by hydration/solvation (because in this case the Coulomb interaction between cations and the negative sites decreases) [18,19,20,21]. Owing to the presence of a regular array of few angstrom-sized channels (1–13 Å) crossing the zeolite crystal lattice, all cations in the lattice can be solvated only by small polar molecules, that is, molecules with an average size lower than the channel diameter; these include, for example, molecules of water, methanol, formaldehyde, etc. Consequently, natural zeolite crystals can be technologically exploited as both thermal and chemical sensors [22]. In their use as chemical sensor, these materials are able to promptly modify their external surface electrical conductivity by exposition to water vapor. The surface electrical conductivity of natural zeolites with Si/Al close to 5 (e.g., clinoptilolite) may change significantly by exposition to water vapor, and in addition the water molecules spontaneously desorb from these slightly hydrophobic materials when these last are removed from the humid environment. Therefore, zeolite chemical sensors show completely reversible electrical behavior with fast return to the original electrical conductivity value. Owing to the involved ionic conduction mechanism, impedance measurements are required for zeolitic sensors. Sinusoidal or square-wave signals with frequency lower than 1 kHz can be conveniently used. A slab of natural zeolite with a convenient value of the Si/Al ratio can be used as a gas-phase water sensor, and, according to the literature [23], geomorphic clinoptilolite has shown to be very adequate for such an application.



Natural clinoptilolite is the most widely spread zeolite type of natural origin [24]. This crystalline substance is characterized by low cost and excellent mechanical, thermal, and chemical resistance. A slab of natural clinoptilolite has a polycrystalline nature made of highly compacted few micron-sized single lamellar crystals [25,26]. Geomorphic clinoptilolite can be readily used to fabricate water-vapor sensors by applying two parallel electrodes to the surface of a small and perfectly flat slab. The electrodes can be simply obtained by painting two very close rectangular areas on the slab surface by using silver paint. Electrodes must be located on the slab surface in order to exclude from the electrical transport mechanism those cations belonging to internal channel surface. Thus, preventing the slow diffusive mass transport mechanism involved in the solvation of inner cations, the maximum response-fastness possible for this ceramic sensor can be achieved. Owing to the excellent mechanical resistance of clinoptilolite, very robust self-supporting sensors can be fabricated. For the high thermal stability of clinoptilolite, these water-vapor sensors can be exploited for technological applications also at temperatures higher than room temperature.



Recently, the use of naturally available nanostructured mineral substances (e.g., halloysite nanotubes, sepiolite nanofibers, attapulgite, etc.) in the fabrication of resistive humidity sensors to be used for different body-related-humidity-detection applications (e.g., respiratory behavior, speech recognition, skin moisture, non-contact switch, diaper monitoring, etc. [27]) has been proposed in the literature [28,29,30]. These nature-made sensitive materials have shown good humidity-sensing performances at different relative humidity (RH) conditions, and, in addition, their use represents a facile, low-cost, and environmentally friendly strategy to achieve high-performance sensing devices, without requiring complex manufacturing approaches frequently adopted in this field [31,32,33].



Inexpensive fast-response ceramic moisture sensors can be conveniently used as devices for apnea syndrome control (i.e., human exhalation sensors) [34,35,36] by using a miniaturized wearable electric revelation technique. Here, the capability of geomorphic clinoptilolite sensor to promptly and reversibly detect the humidity exhaled during breathing was evaluated by using the “voltage-drop” technique, an original instrumental approach that requires very simple electronic circuitry. Device miniaturizing needs extremely reduced electronic circuitry, which is essential for the wearability of these health monitors (e.g., apnea-syndrome monitor).




2. Materials and Methods


A commercial sample of natural clinoptilolite (TIP—Technische Industrie Produkte, GmbH, Waibstadt, Germany) was used in the as-received form for fabricating prototypes of the impedimetric sensor. In particular, the sensors were obtained by cutting the raw zeolite piece in the form of rectangular slabs of small thickness (5.0 mm × 10.0 mm × 3.0 mm) by using a mini electric cutting machine (electric mini-grinder, VUM-40, Vigor, Fossano (CN), Italy, equipped with a diamond cutting wheel). Two electrical contacts (1 mm spaced) were painted on the slab surface by using a curable silver paste (EN-06B8, ENSON, Shenzhen, China), and wires were cold-welded to the electrodes by the same paint. According to silver-paste specifications, the obtained device was left to dry in air for 2 days and then baked in an oven at 140 °C for 30 min. Two-lead measurements were used to test the moisture sensor; this type of measurement involves a small contact resistance due to the silver–zeolite interface that slightly reduces the device sensitivity. Since the silver electrodes are located at the zeolite surface, only hydrated monovalent cations (i.e., KOH2+) belonging to external surface can participate in the electrical transport.



The clinoptilolite sample morphology was investigated by scanning electron microscopy (SEM, Quanta 200 FEG microscope, FEI, Hillsboro, OR, USA) after its powdering by a hammer. The characteristic Si/Al molar ratio and the type of extra-framework cations present in the mineral were determined by using energy-dispersive X-ray spectroscopy (EDS, Inca 250, Oxford Instruments, Oxford, UK). The type of crystalline solid phases present inside the mineral were identified by using large-angle powder diffraction (XRD, X’Pert PRO, PANalytical, Oxford, UK).



A handheld digital multimeter (DMM, UT-71D, Uni-Trend, Dongguan, China) was used as a true-RMS voltmeter for measuring the voltage across the ac generator output, when it was connected in parallel to the zeolite-based humidity sensor. The DMM included an optically insulated high-speed data-logging system, which allowed the multimeter to record voltage measurements at a speed of 8–9 Sa/s (sampling per second). Such high-speed voltage recording required setting the multimeter in low-resolution mode (4000 counts). In particular, DMM was connected to a PC by a cable, and measurements were recorded by using a dedicated software (UTC/D/E Interface Program, version 3.00, 2017, Uni-Trend Technology, Dongguan, China). Square-wave voltage sources embedded into different handheld DMMs (i.e., DT830D, DT-830B, DT832, ANENG AN8206, ANENG AN8008, KONIG KDM-100, and UT20B) were tested. The best results, in terms of lowest power source, were found with the square-wave source embedded in the DT830D digital multimeter (cheap entry-level DMM, available under different trademarks). The square-wave trace was obtained by an analog oscilloscope (AO-610-2 10 MHz, Voltcraft, distributed by Conrad Electronic SE, Hirschau, Germany), and the harmonic composition of the square-wave signal was obtained by a Fast Fourier Transform (FFT) analysis based on a 2-channel 10 MHz USB oscilloscope (PicoScope 2204A-D2, Pico Technology, Cambridgeshire, UK). A resistance decade box (3280, PeakTech GmbH, Ahrensburg, Germany) was also used to determine the I–V characteristics of the square-wave sources.




3. Results and Discussion


Natural clinoptilolite usually consists of a combination of different crystalline solid phases (zeolites, quartz, etc.), and the clinoptilolite phase is only the principal component of such a natural composite. As a consequence, the exact composition of the mineral needs to be experimentally determined by using the X-ray diffraction technique (XRD). According to the diffractogram shown in Figure 1, the clinoptilolite sample contained the following main crystalline solid phases: clinoptilolite (48.4 wt.%), anorthite (42.0 wt.%), quartz (8.9 wt.%), and stilbite (0.7 wt.%); indeed, the most intensive peaks belonging to the diffraction patterns of these minerals can be clearly detected in the XRD of Figure 1. According to the literature, the found crystalline phase composition is quite typical for clinoptilolite of natural origin [24].



Geomorphic clinoptilolite has a polycrystalline structure. Owing to the extremely high pressure applied to the stone for millions of years, such polycrystalline structure results highly consolidated and characterized by a density (2.15 g/cm3) close to that of a zeolite single-crystal (absence of macro-porosity) [26]. The clinoptilolite phase is made of perfectly staked single-lamellar crystals whose morphology can be easily visualized by Scanning Electron Microscopy (SEM) after having delaminated the mineral by applying a strong compressive stress (e.g., hammer blow). The lamellar morphology of the clinoptilolite single crystals is shown in Figure 2a. As visible, all single-lamellar crystals have exactly the same thickness, corresponding to 40 nm; while the other two sizes range between 300 nm and 1 µm.



The characteristic Si/Al molar ratio and the type of extra-framework cations contained in the sample have been established by Energy-Dispersive Spectroscopy (EDS). The EDS-spectrum of the sample is shown in Figure 2b; the specimen contained the following types of cations: K+, Ca2+, Mg2+, and Fe3+ (in a very little amount). Owing to the low charge density, potassium cations (K+) were the only charge-carriers active in the transport for this ionic conductor. The Si/Al atomic ratio of the clinoptilolite sample can be approximately evaluated by using the silicon and aluminum intensities of signals in the EDS spectrum, and it corresponded to ca. 5.4. Such a value is typical for this kind of mineral. According to this moderately high Si/Al value, the clinoptilolite sample can be considered as a quite hydrophobic zeolite type. The scarce hydrophilicity of the mineral is a property of fundamental importance for a moisture-sensing material, since it allows the sensor to behave reversibly in service.



Since voltage is an electrical property that is easy to measure, the possibility to use a root-mean-square (RMS) digital voltmeter to detect the wearable sensor response is very convenient. Usually, the response to stimuli of an impedimetric sensor is detected as impedance (Z) variation that is measured by an LCR-meter, or as variation of the intensity of current flowing in the device. However, if the impedimetric sensor is biased by a very low power generator, the sensor response can be detected also as voltage drop at sensor electrodes. In particular, the lower the generator power is, the higher the sensitivity of this method. In addition, the I–V characteristics of the generator can be determined and the voltage response can be converted to current intensity or impedance variation by using the generator I–V characteristics.



Owing to the prompt response and reversible behavior, the moisture sensor based on clinoptilolite can be used as apnea syndrome monitor. The human exhalation pattern could be obtained by measuring the current intensity flowing at sample surface after biasing this sensor, for example, with a 5 kHz sinusoidal voltage signal (20 Vpp). However, a similar pattern with much higher resolution can be generated by using the here proposed “voltage-drop” method. To the best of our knowledge, such an instrumental approach, based on a combination of an extremely low power ac generator and true-RMS digital voltmeter, has never been proposed to detect the response of an impedimetric ceramic sensor, such as, for example, a geomorphic zeolite moisture sensor.



When a zeolitic sensor is biased by a sinusoidal or square-wave voltage signal, produced by a standard ac source (function generator with power >1 W), the very high impedance (few MΩ) of the zeolitic sensor can cause just a negligible voltage drop during the exhalation detection by the sensor. However, many digital multimeters (DMMs) incorporate a square-wave source (signal tracer) of very low power (of the µW order), and if these generators are used to bias the sensor, a significant voltage drop can be experienced even for a slight variation of the high load impedance. Such a type of signal generator is adequate to detect stimuli by an impedimetric zeolitic sensor by measuring the voltage drop at the sensor electrodes. An alternated voltage source is required to avoid ion accumulation at electrodes surface. In particular, the square-wave output incorporated in the DT830D multimeter originates from the liquid crystal display (LCD) driver in the 7106 multimeter chip. The integrated 7106 is an analog-to-digital converter (ADC), which also provides the LCD back panel driving signal with flipping polarity.



The zeolite sensor was connected to the square-wave output, and a true-RMS digital voltmeter (UT71D digital multimeter, UNI-Trend Technology, Dongguan, China) was placed in parallel to this generator, according to the electrical scheme shown in Figure 3. The square-wave signal characteristics are show in Figure 4a,b. As visible in the oscilloscope trace, when a coupling capacitor of 10 nF was used to filter the small offset voltage contained in the signal, the power source gave a perfectly symmetrical square-wave with an amplitude of 5.0 Vpp (for a square-wave signal, the effective voltage, Veff, as measured by a true-RMS digital voltmeter, exactly corresponds to the peak voltage value, Vp = 2.5). As is visible in Figure 4b, the square-wave signal analysis in the frequency domain showed that the signal was composed by the fundamental at the frequency of 50 Hz and three main odd harmonics.



Time-resolved true-RMS voltage measurements were recorder during exposition to human breathing by using the digital voltmeter UT71D data-logging system. An example of a breathing pattern, including three exhalation steps obtained by the voltage drop technique, is shown in Figure 5. According to this breathing pattern, the surface resistivity was quickly modified in the presence of the water vapor, and the voltage decreased by ca. 100 mV in average. As is visible, water adsorption was a very fast process, and it was described by a linear temporal behavior, while water desorption was slightly slower and followed a parabolic law.



The I–V characteristics of the square-wave voltage source are shown in Figure 6a. This curve was obtained by applying to the generator a gradually increasing pure resistive load of a precisely known value (tolerance of resistors: ±1%), and measuring the output voltage and the absorbed current by true-RMS digital voltmeter and digital ammeter, respectively. The generator I–V characteristics clearly show a non-ideal behavior, with an electromotive force (EMF) of ca. 2.57 V and an internal resistance value (ratio between the EMF and Imax) of ca. 120 kΩ. In particular, the short-circuit voltage (V = 0 and I = Imax) and the open-circuit voltage, that is, the voltage without load (V = Vmax and I = 0), were obtained by extrapolation, since direct measurement of the short-circuit voltage could damage the generator because of the high current intensity flowing in the circuit (overload protection is not present in such simple type of generators), while the open-circuit voltage is limited by the digital multimeter input impedance (usually 10 MΩ at a frequency of 50–60 Hz). In order to avoid the influence of the digital voltmeter input impedance, the voltage and current values were measured for resistive loads inferior to 10 MΩ. As is visible in Figure 6b, the power curve of the square-wave generator shows a dependence of the output power on the applied resistive load, with a maximum value of ca. 14 µW. Such maximum power is achieved with a pure resistive load of 120 kΩ that corresponds exactly to the internal resistance of the generator.



As indicated above, the exhalation pattern displayed as a voltage-drop sequence (see Figure 5) can be converted to a true-RMS current intensity variation or to a normalized impedance variation by using the determined I–V characteristics of the square-wave generator (see Figure 7a,b). In particular, the following relationship was used to convert the time-resolved voltage-drop measurements to time-resolved current-intensity data:


  I =  I  sc   ·  (  1 −  V E   )  ,  



(1)




where Isc = Imax = 21.3 µA is the short-circuit current intensity, and E is the electromotive force. Similarly, time-resolved zeolite-sensor impedance (Z) values can be obtained from the experimental voltage data by the following relationship:


  Z =  V I  =  V   I  SC   ·  (  1 −  V E   )    =  V   (   I  SC   −  1 r  · V  )    ,  



(2)




where r = 120 kΩ is the generator internal resistance. As visible, when the breath pattern is expressed as temporal variation of the impedance, the exhalation signals result in being quite deformed (see Figure 7b).



The observed very fast response of the clinoptilolite-based sensor to the exhaled humidity is related to the special ionic transport mechanism that involves exclusively extra-framework cations located on the external surface of the zeolite slab. In fact, since the electrical contacts are located on the surface, only surface cations are subjected to the applied alternated electric field. During exhalation, these cations are directly exposed to the external humid environment, and, therefore, they readily interact with water molecular dipole by ion-cation electrostatic forces, thus leading to their hydration (solvation). The hydration process (involving one or more water molecules) significantly reduces the cation charge density, weakening, as a consequence, the Coulomb interaction between cations and the negative charge spread in the closed zeolite framework region (nucleophilic area). The consequent strong increase of cation mobility determines an increase in the current intensity moving on the slab surface, with a drop of the voltage between the silver electrodes. During inhalation, the low humidity content characterizing the environment close to the sensor surface determines a desorption of the water molecules from the cations (ion-dipole is a quite weak physical interaction) with restoration of the original very low surface conductivity of the zeolite slab. Such equilibrium between surface and environmental water molecules allows the electrical monitoring of the moisture fluctuations in the space immediately close to the electrode surface.




4. Conclusions


A variety of ac square-wave voltage sources embedded into commercial entry-level digital multimeters (DMM) that are connected in parallel with a true-RMS voltmeter (voltage-drop method) have been tested to detect the signal coming from a simple clinoptilolite-based impedimetric water-vapor sensor. The most sensible response was observed with a square-wave voltage source of 14 µW (maximum) embedded in the DT830D multimeter model. In particular, the water-vapor sensor was fabricated by cutting a piece of geomorphic natural clinoptilolite stone in form of small slab and painting two 1 mm–spaced rectangular electrodes on its surface. When the sensor was exposed to water vapor contained in the exhaled human breath, the slab surface impedance rapidly decreased, and this event was recorded as a voltage drop by the voltmeter data-logging system. Owing to the clinoptilolite surface hydrophobic nature, during the inhalation stage of the human breathing, water molecules rapidly desorbed from cations located on the external surface of the impedimetric sensor, thus determining a fast increase of its impedance value. The sensor showed a very prompt and completely reversible behavior at room temperature, thus allowing its technological exploitation as breath sensor. For example, this instrumental approach can be conveniently used for human-exhalation detection in apnea-syndrome monitoring. The principal physicochemical characteristics of the geomorphic clinoptilolite used for sensors fabrication were also determined by XRD and SEM/EDS.
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Figure 1. XRD of the natural zeolite used for fabricating the impedimetric water sensor with indication of peaks of the clinoptilolite crystalline phase. 






Figure 1. XRD of the natural zeolite used for fabricating the impedimetric water sensor with indication of peaks of the clinoptilolite crystalline phase.



[image: Coatings 12 00377 g001]







[image: Coatings 12 00377 g002 550] 





Figure 2. SEM-micrograph of the clinoptilolite single lamellar crystals generated by sample delamination (a) and EDS spectrum of the geomorphic clinoptilolite surface (b). 
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Figure 3. Electrical circuit used to record the voltage-drop measurements. 
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Figure 4. Square-wave signal (a) with its harmonic analysis by FFT oscilloscope (b) and sensor prototype (c). 
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Figure 5. Human-breathing pattern (exhalations) obtained by the voltage drop technique. 
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Figure 6. I-V characteristics of the square-wave voltage source (a) and its corresponding power curve (b). 
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Figure 7. Exhalation signals displayed as time-resolved current intensity (a) and impedance (b). 
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