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Abstract

:

A portable instrumental system was designed for the routine environmental monitoring of toxic volatile organic compounds (VOCs) in atmospheric conditions based on changes in the photoluminescence emission of semiconductor nanoparticles (quantum dots) entrapped in a sol-gel matrix as the solid sensing material. The sol-gel sensing material displayed a long-lived phosphorescent emission, which is quenched in the presence of trace levels of a volatile organic compound (acetone) in gaseous atmospheres. The developed instrument could measure and process the changes in the photoluminescence of the sensing material after exposure to gaseous acetone. The developed prototype device consists of a deep-ultraviolet ligtht-emitting diode (UV LED), which excites the chemical sensing material; an optical filter to remove scattered light and other non-desirable wavelengths; a photomultiplier tube (PMT) to convert the phosphorescence emission of the sensor phase to an electrical signal; and a microcontroller to correlate the signal with the analyte concentration. The developed prototype was evaluated for its ability to measure low levels of gaseous acetone in contaminated atmospheres with high sensitivity (detection limit: 9 ppm). The obtained results show the feasibility of this type of instrument for environmental analytical control purposes.
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1. Introduction


Environmental analytical control requires the development of appropriate sensors that can perform rapid and reliable detection and identification of environmentally relevant chemical species. Among the wide variety of contaminants, the control of high-vapor-pressure toxic species in the form of volatile organic compounds (VOCs) is very important in occupational safety and health control (e.g., in workplace atmospheres) because they can produce harmful effects on human health.



In this vein, acetone is an organic chemical compound found naturally in the environment, and due to its many versatile applications, is mass-produced in the industry. It is extensively used in laboratories and industrial applications. These industries include paint, plastic, artificial fiber, and shoe factories. Acetone is a volatile organic compound that evaporates quickly, remaining in the atmosphere for 15 to 60 days [1]. People working in industries that process and use acetone can be exposed to higher levels of this organic compound. While acetone levels below 100 ppm in air produce no effect, levels ranging between 200 and 500 ppm irritate the respiratory system, with 500 ppm being the maximum recommended 8 h occupational exposure level. Concentrations above these levels can produce different symptoms, including light-headedness, confusion, dizziness, and at high enough levels, could cause loss of consciousness [2].



It is therefore of utmost importance to have instruments that can continuously and accurately monitor the concentration levels of acetone present in gaseous media for safety purposes. The Occupational Safety and Health Administration (OSHA) provides a methodology for acetone quantification based on gas chromatography–flame ionization detection (GC–FID) [3], which is unsuitable for fast, in situ, and continuous measurements, just like the other most common techniques for acetone detection in the gas phase, which are based on mass spectrometry and gas chromatography. Frequently, such methods require complex and long-lasting sample pre-treatment steps.



Compared with those traditional analytical methodologies, gas sensors have been acknowledged as simple and inexpensive tools for the detection and quantification of environmental toxins. Gas sensors are devices that are composed of active sensing materials coupled with a signal transducer. The selection and development of a potential sensing material that can be implemented in a low-cost, simple, and effective portable device for on-site and real-time analysis play an important role in designing high-performance gas sensors. Additionally, the measured signal is a key factor in the development of the prototype. In this sense, photoluminescence gas sensing approaches for the detection of organic molecules have demonstrated excellent performance for gas analysis [4].



In this context, improvements in nanotechnology have allowed for the development of nanomaterials with novel and improved optoelectronic properties. This strategy has allowed for replacing conventional organic phosphors and fluorophores with alternative advantageous luminescent nanomaterials, such as quantum dots (QDs), which have recently demonstrated their high potential in the development of novel luminescent bioanalytical methodologies [5].



QDs are semiconductor inorganic nanoparticles with diameters between 2 and 10 nm that have remarkable optical properties due to the quantum confinement effect that appears when the particles are smaller than their exciton Bohr radius [6,7]. This is usually translated into high luminescence quantum yields, narrow photoluminescence emission, wide absorption spectra, and low photobleaching [8]. QDs’ luminescence is strongly related to their surface state such that physicochemical interactions with other chemical species produce changes in the luminescent output. Using this property as the basis, many novel sensing approaches for the direct analysis of small molecules and ions have been developed. Additionally, incorporating certain metal impurities during the synthesis makes it possible to obtain phosphorescent luminescence instead of the more common fluorescence [9]. Perhaps the most significant advantage of phosphorescent QDs over traditional phosphors is that since the excited states involved are different, QD-phosphorescence is not affected by the same parameters that affect conventional organic phosphorescent molecules, such as the presence of oxygen or heavy atoms and the necessity of a rigid environment.



An example of such phosphorescent QDs is Mn2+-doped ZnS QDs. Compared to traditional QDs (like ZnS or CdSe), the Mn-doped QDs present a larger Stokes shift between the excitation and emission wavelengths and longer luminescent lifetimes in the order of milliseconds, both of which are characteristic of phosphorescent emission. Being able to discriminate between the background fluorescence of the sample and the phosphorescence emitted by the QDs is of great interest for sensing. Mn:ZnS QDs have previously been used for acetone detection in liquid samples [10] in the laboratory by measuring the quenching of the room temperature phosphorescence (RTP) emission of such QDs after direct interaction with the analyte.



Nevertheless, it is necessary that these chemical sensing materials “leave the laboratory” and can be used to solve everyday problems. For this purpose, they must be easily incorporated into portable and easy-to-use instrumentation systems. The main desired requirements for the development of an instrumentation prototype include portability, low cost, minimal interference by ambient light, high sensitivity, and easy to be used by a non-specialized user. In this context, several interesting developments of portable fluorimeters have been reported for the detection of cyanobacteria [11], pH measurements of environmental water [12], fast ultra-trace detection of explosive vapors [13], chlorophyll analysis in marine environments [14], and rapid screening of aflatoxin M1 [15] and Escherichia coli in drinking water [16].



In this work, we successfully incorporated phosphorescence-emitting Mn2+-doped ZnS QDs into a sol-gel solid matrix for the development of an acetone gaseous sensing phase based on the quenching effect that acetone has on their luminescence. The sol-gel sensing phase was then coupled to a luminescent portable device designed with a deep-UV LED as an excitation source and a photomultiplier module working as a light detector. The combination of the sol-gel immobilized QDs with the portable luminescent device allowed for the development of an affordable portable instrumental system for the determination of trace levels of acetone in gaseous samples.




2. Materials and Methods


2.1. Materials and Reagents


All chemical reagents were of analytical grade and were used as received with no further purification. 2-Propanol, L-cysteine hydrochloride, manganese chloride tetrahydrate, methanol, N-ethyl-N-(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC), sodium hydroxide, sodium sulphide nonahydrate, and zinc sulphate heptahydrate were purchased from Sigma-Aldrich (part of Merck KGaA, Darmstadt, Germany). HPLC-gradient grade acetone, ethanol, and methanol were purchased from Prolabo (part of Avantor, Center Valley, PA, USA). The sol-gel precursors 3-aminopropyltrietoxysilane (APTES) and tetramethoxysilane (TMOS) were obtained from Fluka (part of Merck KGaA, Darmstadt, Germany).




2.2. Synthesis of Mn2+-Doped ZnS Quantum Dots Entrapped in a Sol-Gel Matrix


Water-soluble Mn2+-doped ZnS quantum dots were synthesized in our laboratory following a synthetic route previously described by Sotelo-Gonzalez et al. [17]. In short, 50 mL of 0.02 M L-cysteine, 5 mL of 0.1 M ZnSO4, and 0.15 mL of 0.1 M MnCl2 were mixed in a beaker, adjusting the pH to 11 with 1 M NaOH. This mixture was then placed in a three-necked flask under stirring, deoxygenated with argon for 30 min, and 5 mL of 0.1 M Na2S was added to allow for nucleation of the nanoparticles. After 20 min, the solution was aged under an air atmosphere at 50 °C for 2 h to improve the crystallinity. To purify the obtained nanoparticles, they were precipitated with ethanol via centrifuging for 5 min at 5000 rpm. The QDs were then dried under vacuum and stored under an argon atmosphere as a water-soluble brown powder.



After that, the obtained quantum dots were immobilized in a sol-gel matrix by adding them during the polymerization process [18]. For this purpose, 1 mL of Mn:ZnS QDs dissolved in a phosphate buffer at pH 7.4 was mixed with 2.5 mL ethanol in a small Teflon cup under constant stirring. Then, the reagents for the formation of a sol-gel were added: 750 µL APTES, followed by 100 µL EDC, 50 µL 1 M NaOH, and finally, 750 µL TMOS. APTES and TMOS were the necessary reagents to form the sol-gel structure, NaOH was employed as the catalyst, and EDC was employed to covalently bond the amino groups of the surface ligands of the QDs to the polymer structure. Once the polymerization process had taken place, the mixture was left to dry at 40 °C for two weeks.



The obtained dry gel was ground using an agate mortar and the particles generated were separated by particle size using 80, 120, 200, and 300 µm sieves. The 120 µm fraction was selected for further experiments as a compromise: small particle sizes provide a more intense signal but requires higher pressures. The bigger particle sizes provide the better pressure stability although lower signal.




2.3. Optical Characterization of the Sensing Phase


The photoluminescent properties of the sensing phase were studied using a Cary Eclipse Fluorescence Spectrophotometer (Varian Iberica, Madrid, Spain, now part of Agilent Technologies, Santa Clara, CA, USA), equipped with a xenon discharge lamp. To characterize the photoluminescent properties (excitation and emission spectra) of the sensing material, the 120 µm sol-gel powder was directly packed into a conventional Hellma luminescence flow-through cell made of quartz (Model 176.052-QS, Mullheim, Germany) with a 1.5 mm light path.



The phosphorescence spectra and decay curves of the Mn2+-doped ZnS QDs entrapped in the sol-gel were recorded upon excitation at 290 nm using RTP conditions with a delay time of 0.1 ms, a gate time of 2 ms, and slit widths set at 10 nm.



Figure 1a shows that upon excitation at 290 nm, there was an intense emission band centered at 590 nm. Figure 1b displays the decay curves of phosphorescence emission of the sol-gel immobilized doped QDs. Data were fitted between 0.10 and 10 ms to a double-exponential fitting. A short-lifetime component of 0.58 ms and a long-lifetime component of 2.65 ms were observed. Figure 1c shows a TEM image of the QDs to illustrate the size and homogeneity.




2.4. Design of the Sensing System Prototype


The development of a portable instrument that is compatible with the sensing phase based on nanomaterials permits bringing this affordable and simple technology to applications that previously required high-cost laboratory instruments. Currently, this is possible thanks to integrated electronic devices that offer high performance on a small scale. Figure 2 shows a block diagram of the proposed system. Briefly, a light source excites the optical sensor inside the flow cell. The light detector is responsible for converting the light emitted by the sensor, which is dependent on the analyte, into an electrical signal.



2.4.1. Optical Subsystem


In a portable instrument, the focus is on light sources based on semiconductor devices, such as LEDs, and lasers. Currently, advances in nanotechnology have enabled the manufacture of LEDs emitting in the far UV, which was unthinkable until a few years ago. The optical features of the LED must fit the spectral characteristics of the sensing phase shown in Figure 3. A high-intensity blue emission LED (UVTOP275-FW-TO39, Roithner LaserTechnik GmbH, Vienna, Austria) was chosen. It has an emission peak centered at 275 nm, which perfectly matches the band of excitation of the Mn:ZnS QDs. However, due to the novelty of this type of LED, it presents some problems that consist mainly in the form of parasite emissions [19,20]. For this reason, it is necessary to use an optical filter since these parasite emissions match the emission spectrum of the sensing material. Hence, to reduce these interferences, a bandpass filter centered around 550 nm was used. This filter was set on the photomultiplier tube’s (PMT) window. The light detection can be made using a PMT, avalanche photodiodes (APDs), or a Si PIN photodiode. In applications where there is a weak signal, a PMT is the best option [21]. APDs also have the advantage of having a high gain, but being semiconductors, their signal-to-noise ratio is low and highly temperature-dependent. In fact, in previous studies, both options had been evaluated, but it was concluded that to be able to use APD detectors, it must be cooled with a Peltier cell, resulting in a more complex and expensive device [22,23].



Because the QDs have an emission peak centered at 590 nm, the spectral response of the PMT must include this wavelength within the bandwidth. PMTs are very sensitive in that range of the spectrum and can provide a great amplification that retains an excellent signal-to-noise ratio. They provide an output signal in the form of a current that is proportional to the intensity of the incident light. In this work, a H7827-001 photosensor module (Hamamatsu Photonics, Hamamatsu, Japan) was selected. This module incorporates a 19 mm (3/4") diameter head-on PMT tube, a high-voltage power supply circuit, and a low-noise current-to-voltage amplifier. This module has a higher resistance to vibration and shock, making it suitable for portable measurement equipment. This high level of integration simplifies the design and minimizes the electric noise, though it increases the price of the instrument. The spectral response of this photosensor module ranges from 300 nm to 650 nm, its gain can vary between 103 and 107, and uses a digital potentiometer (10 kΩ) that is adjusted via the touch screen liquid-crystal display (LCD). To achieve good sensitivity, the PMT gain must be chosen to be as large as possible but ensuring the output voltage of the PMT is not saturated.



The flow cell that houses the sol-gel sensing material was constructed to avoid the influence of ambient light. However, considering the high sensitivity of the system to light, to ensure an accurate quantitative measurement, it is highly recommended that the system is calibrated every time a measurement is made. The use of a microcontroller device will allow this calibration to be performed automatically, as discussed in the next subsection.




2.4.2. Electronic Subsystem


The electronic subsystem consisted of the measurement circuit, power supply circuit, and the touchscreen display. The measurement circuit consisted of an instrumental amplifier (IA), a microcontroller device (µC), a low-pass filter (LPF), and a digital-to-analog converter (DAC). Figure 4 shows the block diagram of the measuring circuit.



The PMT operates with a high gain; therefore, any small change in the measurement setup due to environmental light, cuvette movement, aging of the LED, etc., can be a source of error. To minimize these issues, a calibration must be done for each measurement. The basic idea of the calibration procedure is to measure without the presence of the analyte (it is called "blank") and saving the value. Then, measuring the presence of the analyte and subtracting the blank value. This calibration procedure was implemented into the hardware with two sequential steps:




	(1)

	
Measure without the sol-gel sensing material (i.e., without the photoluminescence emitter in the light path). In this step, the IA is the difference between the output voltage of the PMT (VPMT) and the output voltage of the DAC. This last voltage corresponds also to VPMT and has been converted to digital in the analog-to-digital converter (ADC) of the microcontroller (input AN1). In these conditions, the output of the IA should be approximately zero volts.




	(2)

	
Measure with the sol-gel sensing material (i.e., with photoluminescence emitter in the light path). In this step, the IA is also the difference between VPMT and the DAC output, which is the PMT output voltage without the analyte. In this way, the voltage at the output of the IA is due only to the phosphorescence of the sensor. This signal is passed through an RC low-pass filter to avoid the aliasing phenomena when the signal is sampled by the microcontroller (input AN0).









The instrument is powered from the mains through an AC/DC converter of +9 V. Alternatively, a pack of +9 V/2000 mAh Li-ion batteries can be used for in-field applications. To recharge the batteries, an inexpensive current source was implemented around the LM317 adjustable regulator. Two DC/DC converters were used to obtain +3.3 V (JCA0305S03) to power the microcontroller and ±12 V (JCA0205D02) to power the IA and the PMT module. The main consumptions are the PMT module (max. 50 mA), the LCD module (max. 45 mA), and the UV LED (max. 80 mA). This consumption permits working with the instrument for at least two hours. The display was a 3.5” LCD module (MTF-TQ35SP811-AV) from Microtips Technology Inc. (Orlando, FL, USA).



Figure 5 shows the flowchart of the microcontroller firmware and the user interface screens. The microcontroller was programmed in the C language. First, the microcontroller and the touch screen are initialized. Second, the values of the DAC and the digital potentiometer are loaded from the microcontroller. Then, the calibration screen is shown, to measure the “blank.” The ADC reads the blank 10 times, obtains the average value, and stores this value as the zero value. Next, the instrument is ready to measure the analyte and the measurement screen is shown. The ADC also reads the analyte 10 times and the average value is obtained and subtracted from the value of the “blank”. This value is converted into a concentration using the calibration curve and shown on the final screen. It is necessary to calibrate the instrument with each measurement by following the above procedure. The settings screen is accessed by pressing the battery symbol placed at the lower-right corner of the display. It is possible to change the voltage to control the gain of the PMT. Figure 6 shows a view of the instrument prototype.






3. Results


The luminescent characterization of the sol-gel doped with Mn:ZnS QDs showed that when measuring the photoluminescence under typical phosphorescence conditions, no residual fluorescence at 420 nm was observed (characteristic of ZnS QDs), even though fluorescence is typically a form of emission with much higher quantum yields. This fact confirmed the efficient doping of the ZnS QDs with Mn and the preferable emission of the nanoparticles synthesized as strong phosphorescence-type photoluminescence (emission signal). It is worth noting that one of the main advantages of using this sensing phase from the instrumental point of view is the large separation between the excitation light (centered at 290 nm) and the phosphorescent emission light (centered at 590 nm), as well as the long triplet lifetimes of the phosphorescence emission. Both features allow for using simple optoelectronic components and simplifying the design and construction of the optical system of an instrumental measurement prototype that is compatible with this sensing phase.



To characterize the instrument’s analytical performance, the workbench in Figure 7 was used. An air carrier gas flow was held constant throughout the process using a rotameter. A three-way exponential dilutor was used to introduce gaseous acetone to the system at controlled concentrations. It consisted of a 500 mL glass vessel with an entrance sealed with a septum, through which the sample was introduced (acetone standard) using a syringe of liquid (SGE Syringe, 1 μL, accuracy and reproducibility ± 1%, Supelco Inc, Sigma-Aldrich, St. Louis, Missouri); the other two entrances were closed with two three-way stopcocks. Variable volumes of an analyte standard were introduced in the exponential dilution chamber (through a septum using a 1 μL syringe) to give the required analyte concentration in the 500 mL vessel. The exponential dilutor had two three-way stopcocks that allowed for the synthetic air carrier gas to pass directly through the sensing phase packed inside the flow cell (valve position A in Figure 7) or to go through the vessel, dragging the sample to the sensing phase (valve position B in Figure 7). The system also incorporated blanket heating to heat the exponential dilutor system when it was necessary to maintain the gaseous state sample and a magnetic stirrer (Agimatic, Selecta, Barcelona, Spain) for mixing the gas contained inside the flask. The tubing employed between the flask and the flow-through cuvette was arranged to be as short as possible and was made of Viton® material to minimize unspecific adsorptions of acetone vapor.



Different concentrations of gas-phase acetone were prepared by injecting a known amount of pure liquid acetone into the heated exponential dilutor flask using a Hamilton syringe. After the acetone was completely evaporated, a synthetic air gas flow was let into the flask to carry the known acetone concentration to the sensing phase. The initial analyte concentration C0 in the vessel was continuously diluted according to the formula C(t) = C0exp(–Ft/V), where C(t) is the concentration in the vessel at a time t, F is the carrier gas flow rate, t is the time spent after the stopcock was turned, and V is the volume of the vessel. Using this equation, we calculated the concentration of the analyte in the gas stream as a function of the elapsed time [24].



The quenching of the photoluminescence emission of the sol-gel sensing material, produced after passing the gas with a known acetone concentration through the flow-cell, was continuously monitored. Data obtained in the test were processed in the computer to obtain the calibration curve of the instrument, which was then implemented in the microcontroller. Using the exponential dilution system, the calibration curve was obtained by preparing air gas streams containing various concentrations of acetone that passed through the flow-cell containing the sol-gel sensing material, and the luminescent behavior was collected with the aid of the equipment and a software application made in National Instruments LabVIEW 2015. The quencher (acetone) concentration can be directly related to the luminescence intensity using the well-known Stern–Volmer equation:


     I 0   I  = 1 +  K  s v    [ Q ]  ,  



(1)




where I0 is the phosphorescence intensity of the luminescence of the QDs in the absence of the quencher, Ksv is the Stern–Volmer constant, [Q] is the analyte concentration in the gas stream, and I is the phosphorescence intensity in presence of the quencher.



Figure 8a shows the phosphorescent response of the sensing phase to increasing the acetone concentrations in the air gas flow. This figure was obtained at the output of the PMT. The optimal synthetic air gas flow, providing a higher quenching effect for a given acetone concentration, was found to be 250 mL min−1. At higher flow rates, the shorter interaction time between the passing acetone and the sol-gel sensor prevented an adequate quenching effect from taking place. As can be seen, the presence of acetone into the air stream interacted with the sensor by quenching or deactivating the signal emitted by the sensor material. This behavior is common in turn-off luminescent sensors that generate their maximum signal in the absence of analyte and the presence of contaminant causes deactivation of that signal. As can be seen, this is a reversible sensor system. The luminescence signal completely recovered to its initial value when the influence of the contaminant disappeared. This property is of great interest in portable applications since it is not necessary to change the sensing phase between analyses and continuous analyte monitoring can be performed. The dependence of the measured phosphorescent intensity signal with increasing concentrations of acetone was fitted to a Stern–Volmer equation (see Figure 8b), which describes the change in photoluminescence emission as a function of the added quencher. For this purpose, (Io/I) was plotted versus the acetone concentration, where Io is the phosphorescent emission of the sol-gel sensing material exposed to an airflow containing acetone and I is the phosphorescent emission of Mn:ZnS QDs in the presence of increasing concentrations of acetone. The response times, which were the result of the on–off cycling of 157 ppm acetone in gas media over the sensing phase, were found to be < 3 min (see Figure 9). As can be seen, after a fast decrease of the phosphorescence signal once the gaseous acetone arrived in the sensing phase, there was a small drift of the signal that was most probably caused by signal stabilization and kinetics of the interaction between acetone and the sol-gel doped with the QDs, as well as the beginning of the recovery of the signal as the acetone concentration in the airflow started to decrease according to an exponential dilution curve. Once the acetone concentration in the airstream was reduced, the phosphorescence signal completely recovered to the original one.



The detection limit of the sensing system, calculated as the acetone concentration that produced an analytical signal three times the standard deviation of the RTP intensity in pure air, was 9 ppm of acetone in air. This value is competitive with those obtained by other reported portable acetone sensing devices, as summarized in Table 1.



The precision was evaluated in terms of repeatability (n = 4). The RSD values on the blank and samples were below 3% in all cases for the analysis of a gaseous sample containing 157 ppm of acetone. A linear response was found up to 1700 ppm (maximum concentration assayed; see Figure 8b).



The emission stability was evaluated both temporally and by studying the effect of variations on the humidity and temperature of the air stream on the phosphorescence emission under different conditions: dry air flux, humid air flux, hot air flux, and cold air flux. “Dry air flux” refers to the air stream coming directly from the compressed-air cylinders (purity > 99.999%), in which the H2O content is negligible (and is therefore considered to have a 0% relative humidity content). “Humid air flux” refers to air bubbled through a bubble gas humidifier three-quarters filled with water (which is widely assumed to result in a 100% relative humidity content due to the equilibrium present between water and gas in the top part of the bubbler). “Cold air flux” refers to room-temperature readings at 20 °C. “Hot air flux” refers to a system in which the tube used to circulate the air stream is heated using flexible heating blankets to ensure an air temperature of 50 °C.



No significant changes in the emission intensity of the sensing material were observed between dry and humid flows; the difference in intensity was below 3%. However, a significant decrease in luminescence (around 10%) was registered in cold conditions. This could be attributed to the condensation of the impurities present in the gas carrier in the sensing phase or to a change in the optical path due to an increase in the sol-gel packing density at low temperatures.



Species that could potentially interfere with the sensing phase were evaluated by injecting controlled amounts of methanol, ethanol, and isopropyl alcohol gaseous solutions into the three-necked flask, analogous to the acetone sensing procedure. To do that, 100 µL acetone was injected in the 500 mL exponential dilution system to prepare an air sample containing a concentration equal to 157 ppm. Additionally, 500 µL of the assayed species and possible interferents were injected consecutively to ensure concentrations in the air phase of 781 ppm isopropyl alcohol, 757 ppm methanol, and 789 ppm ethanol. Such air samples were analyzed using the sensing system and the phosphorescence signal from the sensing material was monitored in each case. The results showed that the ethanol and isopropyl alcohol caused little or no interference (no significant changes in the phosphorescence emission from the sensing material were observed) at the assayed concentration levels. However, the presence of methanol in the air sample affected the determination of acetone. In fact, an analysis of an air sample containing a 757 ppm concentration of methanol resulted in a decrease of the luminescent analytical signal equivalent to 17% of the one produced by the presence of a 157 ppm acetone concentration. For similar concentration levels of acetone and methanol in the gaseous air sample, the effect of methanol was less than 5% of that produced by acetone. The relative effect of the tested interferents on the luminescence signal of the sensing material is presented in Figure 10.




4. Conclusions


This article reports on the development of an affordable portable instrument for the detection of VOCs using photoluminescent sensing materials. Determination is based on the phosphorescence changes undergone by a solid sensing material after interaction with the gaseous analyte. A portable instrument that is compatible with the sensing phase was designed and constructed using conventional optoelectronic components to be able to measure and process the changes in the photoluminescence of the sensing material, and to convert such changes into concentration information. The sensing system was evaluated in terms of its rapid and reversible acetone quantification in air gas flows. The results showed that the optical signal registered by the prototype was linearly dependent on the amount of acetone present in the gaseous stream, allowing for proper quantification of the acetone analyte with a very good detection limit (9 ppm).



The low-cost sensor modules used to develop this instrumental prototype reduced its overall production costs to provide a comprehensive, portable, and real-time monitoring solution.



Finally, we envisage simple and straightforward industrial applications of this instrument. Not only it is an affordable device but it is also highly versatile; by simply changing the sensing materials (e.g., using a different kind of luminescent nanoparticles, such as ZnS/CdSe quantum dots [36] or photoluminescent carbon dots [37], entrapped in a sol-gel matrix), the light source, and the firmware programming, the system could be directly adapted for the detection of other chemical species (e.g., different VOCs) in different industrial sectors (e.g., printing, paint manufacture, furniture coating, metal surface coating, etc.).
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Figure 1. (a) Excitation and emission spectra of colloidal Mn:ZnS QDs entrapped in the sol-gel. (b) The phosphorescence decay curve of the QDs entrapped in the sol-gel. (c) TEM image of the Mn:ZnS QDs in a PBS buffer. 
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Figure 2. Block diagram of the proposed instrument system. 
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Figure 3. Spectral response of the chemical sensor, LED, optical filter, and photomultiplier tube (PMT). 
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Figure 4. Simplified electronic schematic of the fluorimeter circuit (IA—instrumental amplifier, PMT—photomultiplier, DAC—digital to analog converter, LPF—low-pass filter, µC—microcontroller, LCD—liquid crystal display, P—potentiometer). 
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Figure 5. Microcontroller flowchart and the user interface screens (ADC: analog-to-digital coverter, DAC: digital-to-analog converter, EEPROM: Electrically Erasable Programmable Read-Only Memory; P: Potentiometer). 
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Figure 6. Image of the portable prototype of the instrument designed for photoluminescence measurements. 
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Figure 7. Experimental setup used to characterize the analytical performance of the phosphorimeter. (a) Picture of the assembled instrumental prototype showing the system used to generate air samples with known acetone concentrations. (b) Diagram of the exponential dilutor chamber. 
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Figure 8. (a) The phosphorescent response of the sensing phase to increases in acetone concentrations in the gas flow. (b) Calibration curve using the Stern–Volmer equation, which typically governs photoluminescence quenching processes. 
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Figure 9. Quenching effect of acetone (three injections of 157 ppm acetone). 
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Figure 10. Effect of the assayed interferents on the luminescence of the sensing phase. The assayed concentrations were 157 ppm of acetone, 781 ppm of isopropyl alcohol, 757 ppm of methanol, and 789 ppm of ethanol. 
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Table 1. Comparison of the detection limits for acetone quantification obtained using the developed sensor with other reported portable acetone sensing devices.
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	Sensing Device
	Limit of

Detection (ppm)
	Working Principle

(Analytical Signal)
	Working Temperature
	Reference





	Mn:ZnS QDs (this work)
	9
	Quenching on the photoluminescence
	Room temperature
	This reference



	Si:WO3 sensor
	0.02
	Chemo-resistive resistant change
	350 °C
	[25]



	Cataluminescence sensor
	5
	Electron release in the presence of an analyte
	205 °C
	[26]



	YSZ-based electrochemical sensor
	0.3
	Electrochemical interaction
	675 °C
	[27]



	Si:WO3 sensor
	0.02
	Chemo-resistive resistance change
	325–500 °C
	[28]



	Ultrathin InN epilayer
	0.4
	Resistance change
	200 °C
	[29]



	SnO2 thin films
	2
	Resistance change
	Room temperature
	[30]



	Ni-doped ZnO nanorods
	100
	Photo-induced electron release
	Room temperature
	[31]



	In2O3 nanowires
	25
	Resistance change
	400 °C
	[32]



	Ferroelectric WO3 nanoparticles
	0.2
	Resistance change
	400 °C
	[33]



	ZnO thin-films
	100
	Resistance change
	200 °C
	[34]



	Sr-doped nanostructured LaFeO3
	500
	Resistance change
	275 °C
	[35]











© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
Exponential

Flow-cell
dilutor chamber  Rotameter

Synthetic air

Argon Water-Filled
Flow Gas Bubbler

Valve Positions

Heating Plate
100°C Phosphorescence Spectrometer

(b)





media/file4.png
Light
Source

Flow
Cell

Optical  Light
Fil’ger Detector

Measurement
Circuit

*

LCD
Module

Power Supply Circuit






media/file18.png
Voltage

L

120

180

240
Time (s)

300 360

420





media/file3.jpg
Light Flow  optical Light
Source CellFiter _Detector

Ly | measorement | | tco
Circuit Module

Power Supply Circuit






media/file19.jpg
7/////////////// i






media/file7.jpg
10kQ

+3V3

b
an
DAC Sl
I 3
+3V3 V3
Yo, LPF Vee Dour -
LcD
R AN =]
oL
Vour T we T
13 r
2v T ANO  CLK
r
% B

=





media/file10.png
Initialize microcontroller
and touch screen

Y

Initialize DAC and P with
values from EEPROM , ,
Calibration screen

* ........................................................ >

Introduce “blank” and
read ADC 10 times

Y

Obtain average value and

store as zero value
Measurement screen

* ........................................................ >

Introduce sample and read
ADC 10 times

Y

Subtract avergae value
from zero value

Y

Converts voltage to
acetone concentration

Result screen






media/file14.png
Exponential
dilutor chamber Rotameter

Flow-cell
Synthetic air

Water-Filled
Gas Bubbler
—

100 °C Phosphorescence Spectrometer

,-loj-\ / Heating PIate\

(b)





media/file11.jpg





media/file6.png
Intensity (a.u.)

800
700
600
500
400
300
200
100

PMT

Sensor ——»

Uv Optical
LED Filter

000 300

400 500

Wavelength (nm)

600

700

800





media/file15.jpg
70

Voltage (V)

55

14
13
12
1

L 1

T

03
08
07
05
o5

Blank

500ppm

90 ppm
{00 ppm
1300ppm

S0P 3700 ppm

5 6 9 1 15 18 2 23
‘Time (min)

@

20 40 60 80 1000 1200 1400 1600 1300
[Acetone] (ppm)

(b)





nav.xhtml


  applsci-10-03246


  
    		
      applsci-10-03246
    


  




  





media/file16.png
Voltage (V)

7.0

6.5

6.0

5.5

1.4

Blank

500 ppm u

900 ppm

1100 ppm U
1300 ppm

1500 ppm

1700 ppm

3 6 9 12 15 18 21 23

Time (min)

(a)

1.3
1.2
1.1
1 ¢
0.9
0.8
0.7
0.6

0.5

200 400 600 800 1000 1200 1400 1600
[Acetone] (ppm)

(b)






media/file2.png
Intensity (a.u.)
N w & ul (o)) ~I [00]
o o o o o o o
o o o o o o o

=
o
o

Excitation Spectra Emission Spectra

(Emission = 590 nm) /(Excitation =290 nm)

200 300 400 500 600 700

Intensity (a.u)

Wavelength (nm)

(a)

70
60
50
40
30
20
10

0 2 4 6 3 10
Lifetime (ms)

800





media/file20.png





media/file5.jpg
Intensity (a.u.)

800
700
600
500
400
300
200
100

uv
LED

PMT

Sensor ——»

Optical
Filter

000

400 500 600

Wavelength (nm)

700

800





media/file1.jpg
Excaton specra Emison Specta
(mission =390 ) (Exciation =290 o)

@
n
I
3w
i
.
£
u
o
o 2 s e 5w






media/file12.png
Flow cell






media/file9.jpg
Initalize microcontroller
and touch screen

]

lize DAC and P with
values from EEPROM

Calibration screen

¥

Introduce “blank” and
read ADC 10 times

1]

Obtain average value and
store as zero value

¥

Introduce sample and read
ADC 10 times

1

‘Subtract avergae value
from zero value

1

Converts voltage to
acetone concentration

Result screen






media/file0.png





media/file8.png
10 kQ

+3V3

Vref V
DAC ==
L A3
+3V3 13V3
+12V I :
:I:I% V VDACV - LPF Vee Dour
R —N\ LCD
PMT 1A —|:C _T_ » AN1
Vour VPMT= + I ]JC J‘
Vref 5v R
Veont - —r ANO  CLK
L

-

IS MHz






media/file17.jpg
Voltage

120

180

240 300
Time (s)

360

420

480





