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Abstract

:

Taktic, an Amitraz-based insecticide, is commonly used in sub-Saharan Africa to treat cattle for ticks. Due to misuse in rural dipping pools, some ticks are showing resistance to Taktic. This work presents a low-cost e-nose with commercial sensors to monitor Taktic levels in dipping pool water. The device shows distinctly different measurements for the odours of air, distilled water, farm water, and four levels of Taktic insecticide in farm water. A naive Bayes algorithm with a Gaussian distribution is trained on the data and a validation set achieves a 96.5% accuracy. This work also compares two sol-gel ZnO nanoparticle solutions with an off-the-shelf ZnO nanoparticle ink for use as active material in chemiresistive gas sensors to be employed in an e-nose array. The ZnO solutions are screen-printed onto gold electrodes, auto-sintered with a built in heater, and used with UV illumination to operate as low-power, room temperature gas sensors. All of the screen-printed ZnO sensors show distinct changes in resistance when exposed to Taktic vapours under room temperature and humidity conditions. The custom room temperature ZnO gas sensors fabricated via facile and low-cost processes are suitable for future integration in a point-of-need microsystem for the detection of Taktic in water.
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1. Introduction


Amitraz, an acaricide, is a commonly used active ingredient in insecticides that target ticks. Amitraz-based insecticides are widely used to treat ticks in livestock [1], most commonly cattle. A common way this insecticide is applied is by spraying cattle with an insecticide–water mixture. This works well to treat most livestock [2]. However, poor rural communities in South Africa and the greater sub-Saharan African region still rely on communal dipping tanks. Community farmers drive their livestock through these troughs, submerging them in the insecticide–water mixture [1].



Amitraz-based insecticides, like the commercial Taktic, which is common in South Africa [3], have been showing declining efficacy against ticks as a consequence of continued misuse [4]. Misuse of acaricides contributes greatly to tick resistance. Many tick species are building a resistance to acaricides globally [5]. Studies also show that Amitraz-based insecticides, like Taktic, are no longer efficient when used below 23% of the recommended concentration [6]. Due to improper control of acaricide concentrations at dipping facilities, ticks do not fall from the host cattle and are responsible for life-threatening tick-borne diseases [7]. This could be due to cattle splashing out insecticide water from the dipping trough, causing it to be refilled with water, thereby reducing the effective insecticide concentration. Tick-borne diseases also affect humans, and the control of tick populations is not only important to livestock, but also to farm workers [8]. This study focuses on the insecticide with the brand name Taktic, which contains 12.5% of the active ingredient Amitraz. Taktic is a proprietary mixture of chemicals and the exact concentration of any chemical component is not known.



Traditional methods for testing insecticide concentrations can cost upwards of USD 21 per test [9] (reported in 2017) and require the sample to be transported to a centralised laboratory. Because dipping may be required more often than once a week during the rainy season [1,10], such tests are unsuitable to rural dipping facilities. Due to the remote nature of rural dipping facilities and the sensitivity to cost, an alternative to laboratory-based concentration monitoring must be found. Field monitoring of insecticide usage at communal cattle dipping facilities in disadvantaged and rural communities will be an invaluable tool. A low-cost and portable device that can estimate the Taktic insecticide concentration in the dip wash could empower rural small-scale farmers in Africa to actively and rapidly track dip insecticide concentrations. Feedback regarding the efficacy of their communal dipping facilities will enable them to optimise costs and keep insecticide levels where animals and the environment are less adversely affected, but ticks are effectively eradicated. Taktic has a strong odour and smells stronger to humans when mixed in higher concentrations. The strong odour of Taktic lends itself to detection with a gas-sensing modality.



An electronic nose (e-nose) is a device that mimics the human olfactory system [11]. The device passes the sample gas over an array of sensors and recognises specific odours based on their gas patterns using previously trained classifiers. Commercially available e-nose systems often used in research are the PEN3 (Airsense Analytics) [12,13] and the Cyranose 320 (Sensigent) [14]. A key driver in e-nose technology is portability and fast response [11] and, since these are very expensive and large, they are not suitable for low-cost rural usage. They are also not suited to wearable or low-power use cases. E-noses have recently been used in agriculture to detect mouldy apples [12] and volatile organic compounds in cheese [14], among others. They have also been used widely in medical research, most recently classifying patients with COVID-19 [13].



However, e-noses have not been used widely in the literature to detect insecticides. A recent e-nose paper [15] discriminates between five concentration levels of insecticides on apples using a standard PEN3 e-nose. The odour of the apples has a minimal effect on the sensors and the sensors respond almost linearly to an increase in insecticide. Another paper [16] uses the PEN3 e-nose to quantify pyrethroid pesticide contamination in tea using an artificial neural network (ANN). Most current works on insecticide detection with e-noses use commercial e-noses, and no known works use printed gas sensors to detect insecticides. The only known work for the detection of Taktic in water with an e-nose is our initial study [17]. In our previous work, it was found that metal oxide gas sensors are responsive to the gases produced by Taktic and water mixtures at the sample headspace [17]. In this work, an ANN is used to distinguish different concentrations of Taktic in distilled water in a laboratory environment. The paper does not take environmental effects, such as debris carried into the water by cattle, into account, and has to use time as an input variable for the artificial neural network classifier to distinguish between insecticide concentrations. Furthermore, this work uses expensive commercial sensors from Figaro [18].



At the core of an e-nose lies the gas sensors. There exist many different gas sensing technologies including optical gas sensors [19] and chemiresistive gas sensors such as metal oxide or organic chemiresistive sensors [20]. Other technologies include acoustic gas sensors and photonic crystal gas sensors [21], or piezoelectric chemical sensors [22]. A technology commonly used to detect odours and gases is chemiresistive metal oxide gas sensors. These are specifically attractive due to their low cost, facile fabrication, miniature size, and high sensitivity to diverse target gases [23]. In these semiconductor materials, oxygen (in reaction with the target gas) is adsorbed at the surface, generating electrical charges that change the impedance of the metal oxide layer [24]. The chemisorption process is generally catalysed by high temperature [21,25]. The sensor works by heating the active layer deposited on an electrode and measuring the change in impedance as chemicals in a gas reduce or oxidise on the surface [26].



Many recent works aim to improve current sensing technology. Since metal oxide gas sensors are not very selective to specific gases on their own, one could opt for methods to make the sensors more selective. Some methods include doping the metal oxides so they become more selective [27] or varying the temperature of sensors dynamically and getting a richer data output [28]. Highly integrated on-chip e-nose systems have been proposed where different metal oxide sensors are both doped and used together to increase system selectivity to different gases [29]. Hybrid nano-carbon structures also show improved selectivity [30,31]. However, in an e-nose configuration where multiple gas sensor materials are used, highly selective sensors are not needed, because system selectivity comes from a classification algorithm trained on data from less specific sensors. To reduce power dissipation in e-noses, one could look towards low-power micropumps or enhanced gas path design. To improve current e-nose technology, one could also reduce the power usage of the metal oxide gas sensors, as heating them dissipates a lot of energy. More recent studies suggest using UV light as a replacement for heating the metal oxide [32], since UV radiation can also increase the intra-grain conductivity and generate electron hole pairs [33]. This improves gas sensing reactivity at room temperature while significantly reducing the sensor power dissipation. UV illumination allows facile and fast oxidation and reduction [32], allowing such gas sensors to operate at near-room temperatures.



ZnO, a common metal oxide used in gas sensing, can be activated by a wide range of light irradiation wavelengths, including the visible spectrum. However, the highest activation response is for UV light. Lower wavelengths generally perform better, but one could even use visible light to activate the metal oxide, with 429 nm blue light achieving the same effect as heating ZnO to 200 °C [34]. UV light has also been used to completely anneal carbon nanofibres in gas sensors, and these may operate as a more stable gas sensor compared to ones that are sintered and activated by heat transfer [35]. It has been demonstrated that not only are the dynamics of recovery assisted by UV irradiation, but continuous irradiation also improves the sensing performance for some gas species. By enhancing oxidation or reduction with light irradiation, sensors show improved gas response and can rapidly recover after being exposed to a target gas [36]. Because the physical mechanisms are not yet understood, the irradiation parameters of wavelength and optical power must currently be optimised empirically for a sensor–analyte pair.



Current research clearly tends towards improved sensitivity (e.g., increased porous surface area [37]), improved response and recovery times [36], low-temperature operation [32], improved power dissipation, tuning of materials for improved selectivity (doping the metal-oxides so they become specific to certain chemicals [27]), or improved long-term drift, miniature, and flexible form factor. Printing technologies provide the impetus to many of these research trends. A number of low-cost, chemical methods for the deposition of metal oxide thin films have been used in the literature, such as spray pyrolysis, chemical bath deposition, sol-gel spin coating, screen printing, electrodeposition, doctor blading, and inkjet printing [38,39,40]. Other metal oxide deposition methods include dip coating and drop coating, as well as aerosol jet printing [40,41]. The latest techniques for deposition are electrohydrodynamic (EHD) [42], microextrusion [43] and roll-to-roll gravure printing [44] for upscaling to mass manufacturing. By using chemical solutions like the sol-gel method [45,46] to prepare metal oxide nanoparticles, it is also possible for the films to be doped and the dopant is distributed uniformly throughout the thin film. Deposition using chemical solutions minimises the processing costs of the films used for the gas sensors using these techniques mentioned above.



Screen printing is a mature technology [47] that is well suited to fast prototyping, due to its fast printing speed [48]. It is also easily scalable to mass manufacturing and can be used with a vast range of functional materials. Another reason screen printing is an attractive means of making low-cost gas sensors is that it is an accessible and decentralised means of manufacturing. Sensors can be made on-site or anywhere in the world. This is specifically important if sensors will be made or used rurally. Printed sensors usually operate at elevated temperatures, or with keen material engineering to prevent slow response times. Few printed sensors consider UV irradiation [35,49]. A recent paper [35] uses UV irradiation to both sinter and activate carbon nanofibres in a flexible gas sensor.



If one considers low-cost deposition techniques for metal oxides, combined with low-cost UV illumination to facilitate room temperature sensor activation, metal oxide gas sensors yield a suitable solution for monitoring gases in rural areas and producing those sensors close by.



ZnO is reactive to a wide range of gases including certain solvents and a range of hydro-carbons [26]. It is very likely that ZnO should respond to Taktic and was, therefore, chosen to manufacture the gas sensors. ZnO can react as a gas sensor at room temperature and can be photo-activated under UV light to increase sensitivity [33]. By operating a metal-oxide gas sensor at room temperature, several benefits are achieved, namely that it reduces the long term drift caused by the sintering effect, reduces sensor instability, and drastically reduces power usage [50].



In this work, it is important to show if a sensor array of commercial low-cost sensors would be sufficient to distinguish the odour of Taktic from other odours that are expected at a dipping facility. Furthermore, it is important to assess whether screen-printed, room temperature ZnO gas sensors are responsive to Taktic, because these could allow lower-cost sensing systems, which would be more accessible to rural small-scale farmers.



Section 2 presents the materials and methods for the experiments of this work. Section 3 presents the results of the experiments, and Section 4 provides a discussion of the results and gives insight to proposed future work.



The general structure of this paper is presented in Figure 1. Section 2, Section 3 and Section 4 are split into two subsections each: a subsection for an e-nose that is made with commercial gas sensors, and a subsection for screen printed ZnO gas sensors.




2. Materials and Methods


2.1. Materials and Methods for an E-Nose That Is Made with Commercial Gas Sensors


In this section, the materials and methods for the fabrication and experiments for an e-nose that is made with commercial gas sensors are described.



2.1.1. Design of E-Nose with Commercial Sensors


A low-cost e-nose is constructed with off-the-shelf components. These are chosen for price and availability. The system uses the low-cost MQ series of sensors for gas detection. Since the MQ sensors are unlabelled and unmarked, an assortment of 6 different sensors, from the range MQ2-MQ9, are used in the system. The sensor analogue outputs are read by the analogue-to-digital converter (ADC) pins of an Arduino Nano Every. To ensure previous samples do not affect the sensor readout, the sensor space needs to be purged of sample air by replacing it with reference air. This microcontroller also controls the airflow in the system, switching gas delivery to the sensors from reference air to sample air after every measurement to ensure the sensors are adequately purged. This is done by controlling a 3-way valve and a pump with relay circuits. The relays protect the microcontroller from back electromagnetic fields (EMF), and allow a higher power draw from the valve and pump than can be given by the microcontroller. The relays could be substituted for Mosfets with lower power consumption and form factor, but since the commercial gas sensors dominate the size and power constraints of the system, relays are a good choice. Relays are easier to replace and are more widely available, making self-service in a farm setting more straightforward and accessible. The valve uses a 12V power rail and needs a boost converter to run on the 5V system rail voltage. The system is powered by USB so that it can be made portable with a USB power bank. A system diagram is shown in Figure 2.



When used in the field, farmers will collect dipping tank water and bring it to the e-nose for measurement. For this reason, an easy-to-use sampling system is designed. For every measurement, 10 mL of sample fluid is transferred to the sample holder in Figure 3. The sample holder has holes through the screw thread. The sample holder, with an inner diameter of 30 mm, holds 10 mL fluid up to approximately 14.1 mm from the base. This leaves 5.5 mm of headspace from the bottom of the holes for a 10 mL sample. A lid, with corresponding holes, is screwed over the sample holder and the e-nose then sucks air through one of the holes, creating a circular flow over the fluid surface interface, allowing for optimal gas transfer to the e-nose.



This holder is printed with the standard white printing resin from Formlabs [51]. From the technical datasheet of the resin, it is non-reactive with most solvents and mostly inert [52]. The relative inert nature of the resin is proven by exposing a printed resin component to the gases from Taktic during experimentation, measuring the immediate out-gassing with a Bosch BME680, and comparing that to the out-gassing after 12 h. The BME680 sensor was exposed to pure nitrogen in a glass jar until a stable readout was achieved. The exposed resin is then placed in the glass jar with the gas sensor. The immediate out-gassing of the resin is shown in Figure 4a. The same experiment is performed 12 h later and is shown in Figure 4b. In Figure 4, the sensor responses are normalised to the stabilised measurement of nitrogen. From experimentation, there is an expected 10% variation in sensor resistance when exposed to pure nitrogen.



From Figure 4, it is clear that the 3D-printed components will not affect the device measurements if the device is not used to measure in rapid succession. The gas is pumped through Teflon tubes to the sensor enclosure and the gas sensors give readout to a microcontroller. Images of the completed e-nose can be seen in Figure 5.




2.1.2. Sample Preparation for E-Nose with Commercial Sensors


Cattle dipping pools often do not have foot baths, and this leads to mud and debris entering the dipping pools [1]. The e-nose needs to be able to discriminate between the baseline contaminated farm water, clean water, air, and farm water with different concentrations of insecticide. Since the insecticide becomes inefficient when used below 23% of the recommended concentration [6], this is a key concentration the system must be able to warn the user against. The prepared samples for the experiment are chosen as 0%, 25%, 50%, 100%, and 200% of the recommended insecticide concentration. In addition to this, the response to air and distilled water is also recorded. If the system can discriminate between the odours of these samples, it should be able to warn the user if there is too much or too little insecticide before the solution becomes inefficient. Soil, debris, and manure are collected from the Univeristy of Pretoria Experimental Farm cattle enclosure and mixed with tap water (Pretoria). This should mimic the debris carried into dipping pools by cattle [1] and is further referred to as ’farm water’ in this paper. It is distinguishable from distilled water, not only in odour, but also in appearance. This can be seen in Figure 6.



Taktic is added to the farm water with a   10   μ  L precision Agilent gold standard autosampler syringe. The recommended concentration of Taktic is 2000 ppm in water. The samples were, therefore, prepared as in Table 1. In addition to the samples in Table 1, the system is also presented with samples of distilled water and air.




2.1.3. Experimental Setup for E-Nose with Commercial Sensors


The e-nose with commercial gas sensors is exposed to the samples prepared in Section 2.1.2. The samples are contained in the sample holder in Figure 3 during the measurements. The final e-nose with commercial gas sensors can be seen in Figure 7, where it is measuring a sample.





2.2. Materials and Methods for Screen-Printed ZnO Gas Sensors


In this section, the materials and methods for the fabrication and experiments with screen printed ZnO gas sensors are described. ZnO gas sensors are made by depositing nanoparticle ZnO solutions onto gold electrodes. These are then also tested for their detection capabilities of Taktic in water.



2.2.1. Fabrication of Screen Printed ZnO Gas Sensors


Three ZnO nanoparticle solutions are compared for use as gas sensors with the proposed insecticide, Taktic:




	
The first ZnO solution was prepared by dissolving zinc acetate dihydrate (Saarchem UnivAR, Mumbai, India) in isopropanol (ACE Platinum line (AR), Johannesburg, South Africa) [45]. Monoethanolamine (MEA) (ACE Gold line (CP), Johannesburg, South Africa) was added to the solution, maintaining a molar ratio of MEA to zinc acetate dihydrate of 1.0 and the concentration of zinc acetate of 0.5 M. All precursors were used as received, without further processing. The solution was continuously stirred for 2 h at 60 °C to obtain a homogeneous and clear solution. This solution was aged for 48 h before use;



	
The second ZnO solution was also made with the sol-gel process, but substituted isopropanol with ethanol (Merck/Sigma-Aldrich, Darmstadt, Germany) (as in [46]). For this solution, the concentration of the zinc acetate dihydrate (Merck/Sigma-Aldrich, Darmstadt, Germany) was 1.5 M;



	
As a validation metric, the final solution is an off-the-shelf ZnO nanoparticle ink. Avantama N-10, Nanograde N-10, ZnO suspension was purchased from Merck/Sigma-Aldrich, Darmstadt, Germany, and was used without further processing.








All of the ZnO inks were deposited by screen printing, as in Figure 8, onto a 200  μ m gold interdigitated electrode (IDE) on an Al   2  O   3   (alumina) ceramic substrate with a built in platinum heater, commercially obtainable from Dropsens (Spain) [53].



The heater is then used to auto-sinter the ZnO after deposition. The heaters were powered with 15 V at 0.6 A. This caused the sensors to heat between 400 °C and 500 °C. Each ZnO layer was sintered at >400 °C for 1 min before cooling and using as a sensor. An FLIR TG167 thermal imaging camera was used to capture the thermal image of a screen printed ZnO gas sensor while auto-sintering in Figure 9a. A conventional image was also taken of a screen printed ZnO gas sensor while auto-sintering, and this can be seen in Figure 9b. While sintering, a precision UNI-T UT325 thermometer was used to measure the sintering temperature on the electrode side of the substrates.




2.2.2. Sample Preparation for Screen-Printed ZnO Gas Sensors


Initial tests for the screen-printed gas sensors must determine whether the screen printed gas sensors are reactive to the odours produced by Taktic. It must also be confirmed if the response to water with Taktic can be differentiated from the response to water without Taktic, as well as the response to reference air. The recommended dip concentration of Taktic in water is 2000 ppm, which is used to compare the response of a screen printed gas sensor to that of clean water and air. Screen printed gas sensor responses are noted for Taktic gases alone and the system is presented with 10 mL Taktic. Each sensor is further presented three samples, namely reference air, clean municipal tap water (Pretoria), and municipal tap water with 2000 ppm Taktic. As in Section 2.1.2, Taktic is added to the water with a   10   μ  L precision Agilent gold standard autosampler syringe.



The screen printed gas sensors are not yet used in a sensor array and do not form part of an e-nose.




2.2.3. Experimental Setup for Screen Printed ZnO Gas Sensors


A sensor test chamber, depicted in Figure 10, is designed to hold the sensor while exposing it to UV light and the target gas. The gas is pumped using the same pump as was used in the low-cost e-nose system described in Section 2.1.1. The pump is connected to the end of the sensor test chamber. The hole at the top of the sensor chamber allows UV light from an external source to reach the target sensing area.



The sensors are held in place and measured by pogo pins, and the impedance is measured with a GW Instek LCR-811OG precision LCR meter. The sensors are then exposed to the odours from specified samples, while being illuminated by approximately 405 nm UV light from two comparable inexpensive UV nail studios, RapidCure [54] and SunR9 [55]. This should reveal if room temperature UV-activated ZnO gas sensors can be used to detect Taktic in water. The final experimental setup is shown in Figure 11. A screen-printed ZnO gas sensor is held by pogo pins on the left, the gas chamber is shown in the middle, and the sample holder is shown on the right.






3. Results


3.1. Results for E-Nose with Commercial Gas Sensors


This section presents the results for an e-nose that is made with commercial gas sensors.



The six MQ gas sensors in the low-cost e-nose were exposed to different concentrations of Taktic in farm water, as well as to samples of distilled water and air. The e-nose system exposes the sensor array to the target sample headspace air for a duration of 100 s, taking 117 measurements. Thereafter, the sensors are purged for 100 s while the e-nose takes another 117 measurements. The measured response of all the commercial gas sensors in the e-nose array can be seen in Figure 12. All measurements are normalised to the average measurement for air. The sensor space is purged of the target sample air between each target sample measurement. Each target concentration is measured in triplicate via three consecutive sample measurements. The sensor response time must be considered after a new sample is introduced. Therefore, only the final 100 measurement points of each sample are considered as stabilised results. In total, there are 300 measurement points for each target sample.



The triplicate measurements have repeatable results. The non-deal measured sensor recovery is typical of heated sensors and could be improved with UV irradiation. A calibration curve could also be extracted to counter sensor drift.



Principle component analysis (PCA) [56] is a very mature and frequently used data analysis tool that is often performed on data sets as an initial test to see if data is significantly varied so that a classifier algorithm can be trained. This is very common in e-nose research [30,57]. A PCA from the standard Python package SciKitLearn is completed on the measured target sample data (excluding the purging measurements) to establish whether a classifier algorithm would be able to distinguish different samples.



The PCA data in Figure 13 shows distinct groupings in a fairly linear progression, which indicates conditional independence between features that are well suited to a naive classifier algorithm.



A naive Bayes classifier with an assumed Gaussian data distribution is trained on the data with a randomised 80%/20% data validation split. After training completely, the validation data achieves an accuracy of 96.46%. The training accuracy converges after about 500 samples, and this can be seen in Figure 14.




3.2. Results for Screen Printed ZnO Gas Sensors


This section presents the results for screen printed ZnO gas sensors.



3.2.1. Microscopy


The coated electrodes are investigated under light microscopes and shown in Figure 15 and Figure 16. A Dinolite UB503-LH1 microscope is used to take the images in Figure 15, and each of these show three interdigitated legs of the coated IDEs compared to an uncoated IDE in Figure 15a. The IDEs have 200  μ m lines and spaces.



A Dinolite AM4515T8 microscope with an AM7025X camera is used to take the images in Figure 16, and each of these show one leg of the coated IDEs compared to an uncoated IDE in Figure 16a.



SEM images (FEGSEM: Zeiss 540 Xbeam) were taken for the off-the-shelf ZnO nanoparticles after deposition and sintering on the gold electrodes. The samples were coated in carbon to allow SEM imaging. The SEM image can be seen in Figure 17a, where it is compared to a similar SEM image (FEGSEM: Zeiss 540 Xbeam) taken for the sol-gel ZnO nanoparticles in Figure 17b.



It can be noted that the nanoparticles produced by the commercial ZnO (Figure 17a) are at least 10 times larger than those produced by sol-gel ZnO (Figure 17b). It is also apparent from the images that the pore sizes in the layer of commercial ZnO is larger than that of the sol-gel ZnO, which may be predictive of better sensitivity.




3.2.2. Response of ZnO Gas Sensors to Pure Taktic Fumes


The screen-printed gas sensors were exposed to the fumes of Taktic in triplicate by filling the sample chamber with 10 mL Taktic and measuring the response three times with purging stages in between measurements. All of the sensors responded to Taktic and were able to purge using air. The sensor responses can be seen in Figure 18.



In Figure 18, it is clear that the commercial ZnO responds most strongly to Taktic and has the least drift over time, but is also less conductive for air. The maximum resistance (sensor purged with air) and minimum resistance (sensor final response to Taktic) measurements for each sample and sensor are compared in Table 2.



Important metrics to take into account besides the amplitude are the purging time (rise time 10–90%) and measurement time (fall time 90–10%). The purging and measurement times for each sensor are shown in Table 3.




3.2.3. Gas Sensor Response over Long Periods of Time


It was noted that the gas sensors stabilise over time after sintering. To ensure stability of measurements, freshly sintered sensors with the commercial ZnO nanoparticles were subject to exposure to UV light and the odours of air, water, and 2000 ppm Taktic in water. The time response of a sensor exposed only to air and UV light can be seen in Figure 19.



Similarly, the screen-printed gas sensor with commercial ZnO nanoparticles was re-sintered and subjected to the odours of water over time. The time response of the sensor exposed to the odour of water and UV light can be seen in Figure 20.



This was also repeated for a 2000 ppm sample of Taktic in water. The time response of the sensor exposed to the odour of Taktic in water and UV light can be seen in Figure 21.



It was noted that the humidity of water plays a significant role in the response of sensors. This was expected, as ZnO becomes hydrophilic under UV radiation [59]. Other works also reference the effect of humidity on metal oxide gas sensors [29]. However, humidity and the odour of Taktic together also affects the sensor response. For this reason, humidity and temperature were controlled in the laboratory and measured in the sensor chamber during measurements. It was found that the temperature and humidity in the UV nail studio stabilise after time, with the mean temperature being 31.77 °C with a standard deviation of 0.35 °C. The relative humidity also stabilises to a mean of 20.66% with a standard deviation of 0.50%. This can be seen in Figure 22, where the temperature and humidity were logged during the measurement in Figure 21.




3.2.4. UV Light Intensity


The intensity of the UV light was also found to influence the sensor response. Two UV light sources were compared for use with the screen-printed gas sensors and a mixture of Taktic in water: the RapidCure [54] and SunR9 [55] nail studios. The response of the screen-printed gas sensor with commercial ZnO nanoparticles was exposed to air, the odour of water, and 2000 ppm Taktic in water under the exposure of the RapidCure UV nail studio (Figure 23a). This was repeated with the SUNR9 UV nail studio, which has a higher light intensity (Figure 23b). Using an Rk-3260 Laser Power Meter, it was determined that the SUNR9 UV light source had an intensity 4x larger than the Rapidcure UV light source.



The spectrum of the UV light sources was also measured and can be seen in Figure 24.




3.2.5. ZnO Gas Sensor Response to Taktic in Water


The ZnO gas sensors were exposed to the odours from the reference air, clean tap water, and a 2000 ppm Taktic in tap water mixture. If the measurements for air, water, and Taktic are distinguishable, the sensor could be used to detect Taktic in water. Each sensor was exposed to the reference air for 100 s and then to the odour of water and Taktic with a sensor purge after each measurement. The SUNR9 UV light source used to illuminate the gas sensors resets every 50 s and creates small outliers in the sensor response. UV light exposure is directly related to sensor resistance and, as the light turns off momentarily, a small spike in resistance is observed. Since the sensor responses will only be used after settling (which only occurs after the sample has been read for 50 s), these outliers can be removed and are not shown in Figure 25, Figure 26 and Figure 27.



The response of the screen printed 0.5 M sol-gel ZnO gas sensor can be seen in Figure 25.



The response of the screen-printed 1.5 M sol-gel ZnO gas sensor can be seen in Figure 26.



The response of the screen-printed off-the-shelf ZnO nanoparticle ink gas sensor, can be seen in Figure 27.



For all of the sensors, it can be seen that the sensor responses stabilised after 50 s. The 45 s directly after stabilisation were recorded for each sensor. The resultant stable resistance measurements from each sensor were normalised to air, compared, and are shown in a box plot in Figure 28.



The sensors all showed tight groupings around the average measurement, with few outliers. This can also be seen in Table 4, where the distributions of the data are compared.



The decreasing resistance of the screen-printed gas sensors with Taktic indicates a p-type behaviour, i.e., an oxidising gas. This is in contrast with the n-type behaviour, i.e., a reducing behaviour of pure Taktic. The effect of humidity on all screen printed ZnO gas sensors is very large.






4. Discussion


4.1. Insecticide Monitoring with an E-Nose and Commercial Gas Sensors


An e-nose was constructed with commercial gas sensors. These sensors generally showed differing responses to the odours of the reference air, distilled water, farm water, and four concentrations of Taktic (an Amitraz-based insecticide). In Figure 12, it is clear that most sensors are reactive to the odour of Taktic in water. One can also observe that the sensors show a bigger response to the Taktic odour than the difference between farm water and distilled water. This would allow such an e-nose to work with little interference from external odours. A principle component analysis was performed on the data, and the result in Figure 13 confirms that the commercial e-nose can be used to detect different levels of Taktic insecticide in farm water. This was further confirmed by training a naive Bayes classifier with a Gaussian distribution on the data. This classifier achieved a 96.46% accuracy on validation data.



The e-nose with commercial sensors was not tested at a dipping facility for this work. Possible future work could aim to train the e-nose on data from real-world dipping facilities. Access to such rural facilities could prove difficult, and validating the concentration of insecticide would require specialist equipment to be taken to a dipping facility. Alternatively, samples would have to be transported to a centralised laboratory for validation. Remote monitoring of the e-nose sensor values could also be implemented with a communication technique suited to long-distance water quality management [60]. This would enable researchers to log large amounts of sensor data without being at the dipping facility for extended periods of time. Many communal dipping tanks use a mixture of Amitraz and pyrethroids. Training an e-nose on mixtures of insecticides could also be a worthwhile improvement to the work presented in this paper. From the results, it might not be needed to use a complex array of sensors for the monitoring of Amitraz, as most of the sensors respond almost linearly to an increase in concentration. A miniature e-nose could also be made with printed sensors to reduce power usage and size while maintaining an attractive low-cost point.



The e-nose achieves selectivity to Taktic odours by training a classifier. The classifier in this work is able to distinguish very clearly between different levels of Taktic in farm water, and also to the farm water itself. The farm water is generated with actual farm debris, because this is all that one expects to smell other than Taktic at a dipping site. Selectivity to other gases is largely unnecessary, because Taktic will be the dominating odour in the field. Taktic is also not a known chemical, but a proprietary mixture of chemicals meant to serve as an insecticide as a whole. This is why an e-nose could be a good solution, because it does not have to be selective to a specific chemical, but can be trained on an odour profile.




4.2. Room Temperature Screen-Printed ZnO Gas Sensors for Insecticide Detection


Gas sensors were screen-printed using three ZnO nanoparticle solutions. The sensors were auto-sintered at temperatures exceeding 400 °C using a built-in platinum heater. This eliminated the need for a laboratory oven or hot plate and improved the gas sensor fabrication process by reducing the cost of equipment. The sensors were also not heated during measurements and were run at room temperature. By illuminating the ZnO layer with 405 nm UV light, a similar effect was achieved to heating and the ZnO coated IDE functioned as a gas sensor. By building sensor enclosures with built-in UV LEDs, the sensor power usage could be decreased by an order of magnitude, further reducing the environmental impact and cost of such sensors.



The screen-printed ZnO sensors all showed distinct responses to the odour of Taktic. The sensors show drift over time. This is characteristic of ZnO gas sensors. The same sensors showed differing responses to the odours of water and 2000 ppm Taktic insecticide in water. However, the sensors are very sensitive to humidity and the response of the sensors to Taktic in water is dominated by the oxidation reaction caused by the humidity. In Section 3, the effects of UV light intensity and the out-gassing of 3D-printed resin material is also discussed. Future work should aim to improve sensor responses over time and the effects of humidity. By doping the metal oxides, heating the sensors while exposing them to UV, or removing the humidity in the sensor enclosure, one could improve the sensor responses to humidity. However, it is important to note that the aim of these sensors is to use them in a multi-sensor e-nose configuration so that selectivity to the target gas can be trained with a classifier. The classifier could also be trained to take relative humidity into account if one adds a humidity sensor to the e-nose device. In future work, the sensors could also be manufactured with a reference electrode. This would reduce the effect of temperature and humidity on the sensor. The sensors could also be sintered at different temperatures and times to determine the ultimate effectiveness of the auto-sintering, compared to more standard techniques. This also applies to the effect of the gas sensing layer thickness, which could be investigated for better selectivity to insecticide odours. UV wavelength and power density (or intensity of energy) could be varied for more selective sensitivity to the insecticide gas component(s). Visible light irradiation could also be investigated to create sensors with an even lower cost [34]. Screen-printed ZnO gas sensors could be used in an e-nose as part of an array of other sensors to show their efficacy in an on-site device for insecticide monitoring.





5. Conclusions


An e-nose was constructed with commercial gas sensors. This e-nose was able to estimate the concentration of five levels of Taktic insecticide in farm water and distinguish it from the odours of distilled water, farm water, and air. Using a naive Bayes classifier algorithm, the system achieved a 96.46% accuracy on an unseen validation data set. Except for our previous work [17], there are no studies in the literature where an e-nose is used to estimate the concentration of Taktic in water. This work improves on the previous study by estimating the concentration of Taktic in spiked farm water samples. This work also improves on other research where e-noses detect insecticide [15,16] by providing a bespoke low-cost e-nose, rather than using an expensive general-purpose industrial e-nose. At the e-nose application level, further work includes the validation of the bespoke low-cost e-nose with a larger number of spiked real farm water samples, followed by testing in the farm environment. Although Taktic is the most prevalently used acaricide in sub-Saharan Africa, other acaricides, as well as mixtures of insecticides, must also be investigated in future. Furthermore, the overall aim of our work is to enable decentralised manufacture of sensors and microsystems with facile and low-cost processes for use in point-of-need applications. Towards the employment of custom gas sensors in such an e-nose microsystem, three custom gas sensors were fabricated via screen printing using ZnO nanoparticles that were prepared using the sol-gel [45,46] method, as well as with a printable off-the-shelf ZnO particulate solution. The custom screen-printed ZnO sensors are operated at much lower power than the commercial sensors used in our low-cost e-nose by utilising UV radiation, rather than heating, to activate the ZnO layers for gas sensing. These sensors show clear responses to Taktic odours and are able to purge with air. The sensors are also shown to detect Taktic in water with differing measurements for water and the recommended concentration of 2000 ppm Taktic in water. Because the response to humidity dominates the sensor response, future work includes the reduction of the influence of humidity and the improvement of the sensitivity of the sensors to the odour of Taktic in water. Further attention is also required regarding passivation of the sensor surface to ensure stable long-term sensing. Nevertheless, the screen-printed ZnO sensors are suitable to include in the array within an e-nose configuration for the detection of the Taktic acaricide. Development of the point-of-need e-nose microsystem requires expanding research into more gas sensor devices that can be fabricated with low-cost printing processes using materials that can be easily prepared.
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Figure 1. Overall organisational structure of the paper. 
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Figure 2. E-nose with array of commercial gas sensors system diagram. 
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Figure 3. Drawing of the sample holder design. 
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Figure 4. The response of a Bosch BME680 gas sensor to the out-gassing of 3D printed components. (a) Sensor response to 3D printed sample immediately after exposure to Taktic gases. (b) Sensor response to 3D printed sample 12 h after exposure to Taktic gases. 
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Figure 5. Images of the designed e-nose with commercial gas sensors from below (a) and above (b). (a) Array of commercial gas sensors in the e-nose viewed from below, showing the e-nose internal wiring. (b) Array of commercial sensors in the e-nose viewed from above, showing the e-nose sensing chamber. 
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Figure 6. Samples of distilled water (left) and farm water (right). 
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Figure 7. The e-nose with commercial gas sensors while measuring a sample. 
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Figure 8. Screen for printing of the ZnO sensors. 
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Figure 9. Auto-sintering of a screen printed ZnO gas sensor captured with a thermal camera (a) and a conventional camera (b). 
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Figure 10. Drawing of the sensor test chamber for the screen printed ZnO gas sensors. 
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Figure 11. Experimental setup for ZnO gas sensors. 
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Figure 12. Commercial sensor responses to target samples over time, normalised to the mean sensor output voltages for air. After a sample is introduced, it is measured for 100 s, with a purging time of 100 s between samples. 
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Figure 13. PCA results for the e-nose with commercial gas sensors with farm water and varying levels of Taktic insecticide. 
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Figure 14. Training accuracy on a naive Bayes classifier in the e-nose with commercial gas sensors for samples of air, distilled water, and different concentrations of Taktic in farm water. 
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Figure 15. ZnO-coated IDEs with 200  μ m lines and spaces. An uncoated (a) IDE is compared to IDEs coated with the 0.5 M ZnO sol-gel solution (b), 1.5 M ZnO sol-gel solution (c) and an IDE coated with an off-the-shelf ZnO nanoparticle ink (d). 
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Figure 16. The edge of a single IDE line coated with ZnO. An uncoated IDE line (a) is compared to IDEs coated with the 0.5 M ZnO sol-gel solution (b), 1.5 M ZnO sol-gel solution (c) and an IDE coated with an off-the-shelf ZnO nanoparticle ink (d). 
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[image: Agriculture 13 01483 g016]







[image: Agriculture 13 01483 g017 550] 





Figure 17. SEM image of commercial ZnO nanoparticles (a) compared to SEM image of sol-gel ZnO nanoparticles (b), as adapted from [58]. 
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Figure 18. Response of screen-printed ZnO nanoparticle ink gas sensor to pure Taktic insecticide. 
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Figure 19. Screen-printed commercial ZnO gas sensor exposed to air and UV light over time. 
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Figure 20. Screen-printed commercial ZnO gas sensor exposed to the odour of water and UV light over time. 
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Figure 21. Screen-printed commercial ZnO gas sensor exposed to the odour of Taktic in water and UV light over time. 






Figure 21. Screen-printed commercial ZnO gas sensor exposed to the odour of Taktic in water and UV light over time.



[image: Agriculture 13 01483 g021]







[image: Agriculture 13 01483 g022 550] 





Figure 22. Temperature and relative humidity in UV nail studio over time. 
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Figure 23. Screen-printed gas sensor with commercial ZnO nanoparticles exposed to air, the odour of water, and 2000ppm Taktic under lower UV radiation intensity from the Rapidcure nail studio (a) and higher (b) UV radiation intensity from the SUNR9 nail studio. 
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Figure 24. Comparison of UV light sources with device with lower UV radiation intensity from the Rapidcure nail studio (a) and higher UV radiation intensity SUNR9 nail studio (b). 
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Figure 25. Response of the screen-printed 0.5 M sol-gel ZnO gas sensor. 
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Figure 26. Response of screen-printed 1.5 M sol-gel ZnO gas sensor. 
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Figure 27. Response of screen-printed off-the-shelf ZnO nanoparticle ink gas sensor. 
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Figure 28. Box plot of normalised resistance values for ZnO gas sensors. 
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Table 1. Sample generation for the experiment.
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	% of Recommended Concentration
	ppm Taktic in Farm Water
	Taktic in 10 mL Water (  μ  L)





	0
	0
	0



	25
	500
	5



	50
	1000
	10



	100
	2000
	20



	200
	4000
	40
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Table 2. Maximum and minimum resistance for screen printed gas sensors.
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	Measurement 1

Resistance (k)
	Measurement 2

Resistance (k)
	Measurement 3

Resistance (k)
	Average

Resistance (k)
	Variation %





	0.5 M
	Resistance for Air
	66.66
	57.813
	51.233
	58.57
	26.35



	sol-gel ZnO
	Resistance for Taktic
	42.25
	37.45
	34.04
	37.91
	21.66



	1.5 M
	Resistance for Air
	223.97
	195.36
	161.81
	193.71
	32.09



	sol-gel ZnO
	Resistance for Taktic
	128.8
	109.63
	94.46
	110.96
	30.95



	Commercial
	Resistance for Air
	457.47
	457.88
	441.4
	452.25
	3.64



	ZnO
	Resistance for Taktic
	229.24
	222.2
	217.26
	222.9
	5.37
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Table 3. Recovery and measurement times for screen-printed gas sensors.
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	Measurement 1
	Measurement 2
	Measurement 3
	Average
	Variation %





	0.5 M
	Recovery time (min)
	5.25
	5.67
	6.37
	5.76
	19.43



	sol-gel ZnO
	Measurement time (min)
	4.78
	4.35
	4.82
	4.65
	10.11



	1.5 M
	Recovery time (min)
	6.98
	5.93
	6.5
	6.47
	16.23



	sol-gel ZnO
	Measurement time (min)
	3.7
	4.28
	3.93
	3.97
	14.61



	Commercial
	Recovery time (min)
	7.48
	7.45
	8.7
	7.88
	15.87



	ZnO
	Measurement time (min)
	3.6
	3.65
	3.77
	3.67
	4.63
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Table 4. Distribution of normalised resistance values for ZnO gas sensors.
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0.5 M Sol-Gel

	
1.5 M Sol-Gel

	
Off-the-Shelf




	

	
Air

	
Water

	
Taktic

	
Air

	
Water

	
Taktic

	
Air

	
Water

	
Taktic






	
Standard Deviation

	
0.0034

	
0.0037

	
0.0031

	
0.0026

	
0.0034

	
0.0062

	
0.0034

	
0.0013

	
0.0061




	
Average

	
1.0

	
1.1157

	
1.1590

	
1.0

	
1.1095

	
1.1327

	
1.0

	
1.1548

	
1.2261




	
Minimum

	
0.9957

	
1.1110

	
1.1542

	
0.9969

	
1.1053

	
1.1251

	
0.9955

	
1.1523

	
1.2174




	
Maximum

	
1.0058

	
1.1247

	
1.1657

	
1.0093

	
1.1208

	
1.1542

	
1.0110

	
1.1579

	
1.2463
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