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Abstract

:

This work aims at developing and validating under laboratory-controlled conditions a gas mixture generation device designed for easy on-site or laboratory calibration of analytical instruments dedicated to air monitoring, such as analysers or sensors. This portable device, which has been validated for formaldehyde, is compact and is based on the diffusion of liquid formaldehyde through a short microporous interface with an air stream to reach non-Henry equilibrium gas–liquid dynamics. The geometry of the temperature-controlled assembly has been optimised to allow easy change of the aqueous solution, keeping the microporous tube straight. The formaldehyde generator has been coupled to an on-line formaldehyde analyser to monitor the gas concentration generated as a function of the liquid formaldehyde concentration, the temperature, the air gas flow rate, and the microporous tube length. Our experimental results show that the generated gaseous formaldehyde concentration increase linearly between 10 and 1740 µg m−3 with that of the aqueous solution ranging between 0 and 200 mg L−1 for all the gas flow rates studied, namely 25, 50 and 100 mL min−1. The generated gas phase concentration also increases with increasing temperature according to Henry’s law and with increasing the gas–liquid contact time either by reducing the gas flow rate from 100 to 25 mL min−1 or increasing the microporous tube length from 3.5 to 14 cm. Finally, the performances of this modular formaldehyde generator are compared and discussed with those reported in the scientific literature or commercialised by manufacturers. The technique developed here is the only one allowing to operate with a low flow rate such as 25 to 100 mL min−1 while generating a wide range of concentrations (10–1000 µg m−3) with very good accuracy.
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1. Introduction


Nowadays, people spend 70–90% of their time in enclosed spaces, especially at home, where indoor air can be more or less polluted [1,2,3,4,5]. The regular use of multiple synthetic products in homes, whether for construction, renovation, or cleaning, causes the release of many various chemical compounds into the air. Most of these chemicals belong to the large family of volatile organic compounds (VOCs). VOCs are often more numerous and concentrated indoors than outdoors due to the multiplicity of indoor sources [6,7,8,9]. Among VOCs, formaldehyde is a major pollutant of indoor air due to its numerous emission sources and its toxicity [10,11,12]. It is widely used in the manufacture of construction materials (chipboard) and in various elements that equip the home (parquet floor, carpeting, insulation, etc.) [6,13,14].



In indoor domestic environments, formaldehyde concentrations may vary between 10 and 100 µg m−3, which is 2 to 15 times higher than those found in outdoor air [6,8,15,16]. In June 2004, the International Agency for Research on Cancer (IARC) classified formaldehyde as a human carcinogen, like benzene [17]. In professional environments, the formaldehyde concentration can also reach much higher values [18,19,20]. Occupational exposure to high concentrations of formaldehyde occurs mainly in companies that manufacture or release formaldehyde and in companies that are exposed to the combustion of organic material. In industries manufacturing formaldehyde, the average levels of exposure to formaldehyde are around 1 ppm [18]. For industries releasing formaldehyde, i.e., the wood industry or, more surprisingly, hair salons, the formaldehyde concentrations are 0.5 to 1.52 ppm (614 to 1867 µg m−3) [19] and 0.02 to 1.19 ppm (25 to 1462 µg m−3), respectively [20]. For garage owners, exposed to engine exhaust fumes, their average exposure to formaldehyde is 0.10 ppm (123 µg m−3) [18]. Lang et al assessed the irritant effects of formaldehyde in the workplace [21]. Consequently, the European occupational exposure limit value for formaldehyde has been set in 2019 at 0.3 ppm (370 µg m−3) for an 8 h exposure and at 0.6 ppm (740 µg m−3) for a 15 min exposure [22].



Formaldehyde can be analysed by different methods. The firsts correspond to the reference method(s) widely used to quantify airborne formaldehyde levels and involve a passive or active sampling of gaseous formaldehyde on a DNPH tube [23,24,25] for several hours or even several days to produce the corresponding hydrazone followed by off-line laboratory HLPC/UV analysis [26,27,28,29]. If this analytical approach is time-consuming, the quantification is very simple since it only requires the calibration of the HPLC with the appropriate range of hydrazone solutions and sampling means, i.e., the gas flow rate for an active sampling. However, these reference methods give only an average value of the concentration over a certain period.



To overcome this drawback for gaseous formaldehyde quantification, the current trend in this analytical field is to develop real-time measurement tools such as sensors [30,31,32,33,34,35], analysers [36,37,38] or even microanalyzers [14,39,40,41,42]. Chemical sensors are based on various gas detection mechanisms [43], namely resistive/chemoresistive, electrochemical, metal-oxide-semiconductor field effect transistors (MOSFET), optical (surface plastic resonance (SPR)) and surface acoustic. Although the development of increasingly efficient sensors is currently in vogue for many gaseous organic pollutants [43,44,45], it should be noted that they do not (yet) provide the necessary selectivity and sensitivities for continuous measurement of these pollutants in outdoor or indoor air, which limits the use of such chemical sensors for air monitoring. This is especially true for formaldehyde, which very often has low response factors with chemical sensors [30,31,32,33,34,35]. For the detection of gaseous formaldehyde at ppb levels, analysers and microanalyzers are often based on the on-line reaction of formaldehyde with a specific derivatising agent followed by detection by colorimetry [37,46,47,48] or fluorimetry [14,39,49,50,51,52].



However, all these instruments need to be calibrated regularly to provide accurate formaldehyde concentrations. Hence, there is a need for a reliable source of formaldehyde that can produce gaseous concentrations in the range 10 and 740 µg m−3, the lower and upper targeted values corresponding to that found in a clean indoor environment and that recommended for acute exposure to formaldehyde, respectively.



Gaseous formaldehyde can be produced following different methods that are listed in Table 1 and Table 2: a catalytic synthesis with molybdenum [53]; through the use of syringe pumps [54]; with high-pressure instruments [55] such as nebulizers [56], diffusion or permeation tubes [54,57,58,59]; or by liquid evaporation [60,61]. Raw materials for the production of gaseous formaldehyde include liquid formaldehyde solutions [54,55,56,58,60,61] with 10–15% w/w methanol (to avoid self-polymerization) [53], a solid paraformaldehyde [54,59] or formaldehyde trimer called trioxane [57].



To meet in situ calibration requirements in domestic and professional indoor environments, one should use an instrument that can be easily transported and a method which generates gaseous pollutant concentrations in the range 10–740 µg m−3 along with a low carrier gas flow rate of c.a. 25–100 mL min−1 to limit gas consumption and allows for long term use in the field. However, none of the aforementioned instruments meet all these requirements (see Table 1 and Table 2).



Thus, the main objective of this work is to develop a compact apparatus for the generation of a gaseous formaldehyde stream. In our study, the minimum value of 25 mL min−1 was chosen because it makes it possible to supply known gas concentrations of formaldehyde to our formaldehyde analyser (µF-1, Chromatotec, Val-de-Virvée, France), which takes 20 mL min−1, while ensuring a leakage of 5 mL min−1 to the atmosphere. This value corresponds also to the minimum gas flow rate required for the calibration of sensors placed in a small hermetic enclosure.



This work reports on the instrumental development carried out to obtain a functional prototype of a gaseous formaldehyde generator based on the permeation method from an aqueous formaldehyde solution to establish non-Henry equilibrium gas–liquid dynamics. It describes the implementation of this method under controlled-laboratory conditions for concentrations of liquid formaldehyde ranging from 0 to 200 mg L−1. The concentrations of gaseous formaldehyde generated were tested by modifying different factors: the temperature of the liquid formaldehyde solution, the gas–liquid surface area, i.e., the microporous tube length, and exchange time by varying the gas flow rate. The performances of this new formaldehyde generator are then compared with those found in the literature and the marketed ones. The different conditions are also discussed in terms of their practical potential application in the field.




2. Materials and Methods


This section describes the novel generator of gaseous formaldehyde developed in this work and based on a microporous tube immersed in an aqueous formaldehyde solution. The resulting generated gas concentrations of formaldehyde were monitored by two techniques described below, i.e., an on-line formaldehyde analyser [14] and off-line measurements using the conventional DNPH sampling method coupled to HPLC/UV analysis [62].



2.1. Chemicals


Aqueous formaldehyde mixtures in the range of 2.5–200 mg L−1 (8.33 × 10−5–6.66 × 10−3 mol L−1) were prepared from a commercial formaldehyde solution (252549-500 mL, 37% in water, contains 10–15% methanol as a stabilizer, Sigma-Aldrich, Saint-Quentin-Fallavier, France) and Milli-Q water (18.2 MΩ.cm at 25 °C, Millipore, Molsheim, France) using suitably calibrated micropipettes (Eppendorf, Hamburg, Germany) and appropriated volumetric flasks.



For the operation of the formaldehyde analyser, acetylacetone solutions (0.01 M) were prepared by mixing 0.3 mL acetic acid (100%, Merck, Molsheim, France), 0.2 mL acetylacetone (99%, Merck, Molsheim, France), 15.4 g ammonium acetate (98%, Sigma-Aldrich, Saint-Quentin-Fallavier, France) in 200 mL Milli-Q water (18.2 MΩ.cm at 25 °C, Millipore, Molsheim, France).




2.2. On-Line Formaldehyde Analyser


The microfluidic formaldehyde analyser (µF1, Chromatotec, Val-de-Virvée, France) used in this work was developed [14,52], patented [63] by our laboratory and tested in several studies [14,64]. This device works continuously and is based on the specific derivatization of aqueous formaldehyde with fluoral-p (or acetylacetone solution) generating 3,5-diacetyl-1,4- dihydrolutidine (DDL) via a Hantszch reaction already detailed elsewhere [14,52,65,66].



Given the high solubility of formaldehyde characterized by its Henry’s law constant of 5020 M amt−1 at 293 K [36], gaseous formaldehyde is first advantageously trapped into an aqueous solution of fluoral-p by establishing a specific two-phase flow. Indeed, an annular flow is obtained by co-injecting 20 mL min−1 of sampling air and 17 μL min−1 of fluoral-p solution into a 150 cm long, 530 μm ID hydrophilic silica capillary [14,36,52]. At the outlet of the capillary, the gas escapes from the liquid through a microporous tube.



The gas-free liquid solution, containing both formaldehyde and fluoral-p, flows into an oven set at 65 °C for about 3.5 min, to increase the derivatization rate and thus convert all the formaldehyde into DDL.



Once the derivatization fully occurred, DDL is detected by fluorescence, the excitation occurring at 415 nm and the fluorescence being collected on a photomultiplier (Hamamatsu, Massy, France) at 530 ± 40 nm [14,39,40]. Then, the fluorescence signal is amplified with a photomultiplier and averaged over two seconds.



This instrument is also equipped with a sensor of temperature and relative humidity (SHT1x, Sensirion, Stäfa, Switzerland).



The embedded software (version v1.3, Chromatotec, Val-de-Virvée, France) runs under Linux and allows the acquisition of formaldehyde concentrations, temperature, and relative humidity with a 2 s time step.




2.3. Off-Line Formaldehyde Quantification with the ISO 16000-3 Reference Method


Airborne formaldehyde was also quantified using the ISO 16000-3 reference method, which is based on active sampling using 2,4-Dinitrophenylhydrazine (DNPH) tube (Waters, Sep-Pak, Saint-Quentin-en-Yvelines, France) followed by its hydrazone quantification with HPLC-UV [67]. In this study, the air is sampled with an automatic sampling device, namely DNPH MP4V, composed of a mass flow controller (Low-∆P-flow, F-201-DV-100-AAD-22-V, 0–2000 mL min−1, Bronkhorst, Nijverheidsstraat, The Netherlands), a gas pump (830 KNDC, KNF) and 4 ways, each of them being equipped with two solenoid valves (VDW23-6G-3, SMC). The sampling flow has been set to 150 mL min−1 for 12 h to obtain a sample volume of 108 L. Once sampling is achieved, DNPH tubes are stored at 4 °C and then eluted with a small and known volume (usually 2–3 mL) of acetonitrile (99.8%, Sigma-Aldrich, Saint-Quentin-Fallavier, France). The resulting hydrazone solution is further analysed by HPLC/UV (Serie 1100, Agilent Technology, Santa Clara, CA, USA): 20 µL is injected into a nonpolar C18 column (Supelcosil LC-18, Supelco, Saint-Quentin-Fallavier, France) and quantified at 360 nm using an external calibration [10,68].




2.4. The Novel Gas Generator: Setup and Experimental Conditions


As already mentioned, the novel generator of gaseous formaldehyde is based on a microporous tube immersed in an aqueous formaldehyde solution.



The overall arrangement is shown in Figure 1. A transparent or amber glass flask of 250 mL is filled with the aqueous formaldehyde solution. The microporous tube and its support, shown in Figure 2, are then completely immersed in the formaldehyde solution. In this work, the support was designed using computer-aided design (CAD) and manufactured in Acrylonitrile Butadiene Styrene (ABS) with 3D printer (Extended 3, Ultimaker, Utrecht, The Netherlands). In practice, a large flask with a wide neck of 4.5 cm allows the introduction of microporous tubes long enough to vary their length and connect them in series when necessary (see Figure 2). In addition, the large flask capacity permits to have enough formaldehyde molecules to assume that the aqueous and gaseous formaldehyde concentrations will remain constant over time.



Pure dry synthetic air (Air FID, ≥99.9995, Messer, Folschviller, France) is injected at a constant gas flow rate (here between 25 and 100 mL min−1) by means of a mass flow controller called MFC (El-flow F-201-CV-100-AAD-33-V, 0–100 mL min−1, Bronkhorst, Nijverheidsstraat, The Netherlands) through a microporous tube thanks to a Teflon tube (o.d.: 1/16″, i.d.: 1 mm), which is connected to the microporous tube with a small stainless steel tube (o.d.: 1 mm, i.d.: 0.7 mm, length: 30 mm) whose external diameter, rigidity and slightly bevelled end allow the microporous tube to easily slide over it (see Figure 2). The same connector is used at the exit of the microporous tube to attach another Teflon tube (o.d.: 1/16″, i.d.: 1 mm). The stopper placed on the flask allows the two 1/16″ tubes to pass through in a perfectly sealed manner, thus avoiding any contact between the outside air and the solution.



The whole reactor including the flask of 250 mL, the stopper and part of the gas pipes were placed inside a temperature-controlled system (±2 °C). The temperature of the incubator (IVYX-INCUB5L, IVYX Scientific, Berlin, Germany) was checked with calibrated temperature sensors (Testo 174H, Testo, Lenzkirch, Germany). In practice, the temperature setpoint of the incubator can be varied in increments of 1 °C. The setting temperature of the incubator was varied in the range 5–20 °C, corresponding to exact values of 5.8–21.8 °C.



At the gas generator outlet, a part of the gas flow in the range 25–100 mL min−1 is sampled by the online formaldehyde analyser at a constant gas flow rate of 20 mL min−1, to monitor the formaldehyde concentration and the relative humidity in near real-time. When the concentrations of formaldehyde generated were too high and would saturate the detector of the formaldehyde analyser (signal saturation at 2.07 × 106 µV), the gas mixture generated by the source was first diluted with pure synthetic air using a second MFC (Low-∆P-flow F-201-DV-AAD-33-V 0–500 mL min−1, Bronkhorst, Nijverheidsstraat, The Netherlands) prior analysis. The total gas flow rate was always set at 225 mL min−1.



For the sampling on DNPH tube according to the ISO 16000-3 reference method requiring a higher sampling rate of 150 mL min−1 to limit the uncertainty on the sampling gas flow rate, the gaseous formaldehyde mixture is further diluted with a controlled gas flow of pure dry synthetic air (Air FID, ≥99.9995, Messer, Folschviller, France) regulated with a second MFC (Low-∆P-flow F-201-DV-AAD-33-V 0–500 mL min−1, Bronkhorst, Nijverheidsstraat, The Netherlands) to obtain a total gas flow rate of 200 mL min−1 (see Figure S1).



For both analytical devices, the excess gas flow leaks out while maintaining atmospheric pressure in the set-up.



The final device without the portable gas cylinder weighs 5.6 kg and measures 26 cm long, 28 cm deep and 33 cm high.



In practice, the diluted formaldehyde solution was usually placed the day before the experiments in the incubator, which is set at the desired temperature, i.e., in the range 10.7–21.8 °C, while maintaining a minimum air flow rate of 10 mL min−1 overnight to avoid any condensation in the Teflon tubes. When the temperature of the solution was changed during the day, the temperature stabilisation time was around 3 h before gaseous formaldehyde monitoring was performed at the outlet of the developed gas generator. The same procedure was followed when the length of the microporous tube was changed. In addition, real-time analysis thanks to the on-line formaldehyde analyser had the great advantage of quickly checking whether the concentration of formaldehyde generated was stable, some typical formaldehyde monitoring being shown in Figure 3.



For fixed values of formaldehyde aqueous solution, temperature, and microporous tube length, it was then possible to vary the gas flow rate. Each time the flow rate was changed, there was a 45 to 60 min delay for stabilisation of the gas generation before proceeding with the quantification of formaldehyde in the gas phase. The raw 2 s data provided by the formaldehyde analyser were then average on a typical duration of 30 min and the standard deviations were calculated.



When changing the formaldehyde aqueous solution or temperature, or microporous tube length, the same procedure was repeated. Sampling of the DNPH cartridges, which involves 12 h, was systematically performed at night.





3. Results


Once the gas generator was assembled, all parameters that could have an impact on the formaldehyde gas/liquid equilibrium were studied. It was evaluated under controlled laboratory conditions by varying the liquid formaldehyde concentration ([HCHO]liq), the gas flow rate (Fgas), the temperature (T), the length of the microporous tube (L), i.e., the gas–liquid exchange surface, and the position of the microporous tube inside the aqueous formaldehyde solution. For this, two analytical methods were coupled to the gas generator and were used to monitor the generated gaseous formaldehyde concentration.



Figure 3a shows the typical signals obtained with the formaldehyde analyser when analysing the gas mixture obtained with different experimental conditions. In this series of experiments, only the aqueous formaldehyde concentration ([HCHO]liq) was varied from 2.5 to 200 mg L−1 whereas all the remaining parameters were fixed as: Fgas = 50 mL min−1, T = 10.7 °C, L = 7 cm. Before each concentration variation, pure air was injected into the analyser to obtain a reference signal that corresponds to the baseline (analytical blank). Since these experiments imply the change of the aqueous solution and then the temperature stabilisation of this solution between two experiments, they were not performed on the same day. Thus, Figure 3a reconstructs the variation of the analyser signal even though the measurements were not made continuously. As observed in Figure 3a, the blank signal was constant and stable during our analyses. When a given concentration of formaldehyde gas was injected into the analyser, the signal increased to reach a plateau (see Figure 3a). This signal returned to the baseline when clean air was injected into the analyser. The generated gas concentration of formaldehyde varied from 3.4 to 432.1 µg m−3. For the two highest concentrations (E and F), the gas mixture generated by the source was previously diluted with pure air prior to analysis with the formaldehyde analyser.



In addition to the formaldehyde analyser, the concentrations generated were quantified with the off-line method based on the sampling on DNPH tube coupled to HPLC-UV analysis. In Figure 3b, the signal of the formaldehyde analyser is plotted as a function of the real formaldehyde concentrations measured with the ISO 16000-3 reference method. This Figure 3b shows on the one hand that there is a perfect correlation between the two analytical techniques and on the other hand allows the calibration of the signal of the formaldehyde analyser to avoid any saturation of the fluorescence detector (saturation at 2.07 × 106 µV).



3.1. Influence of the Liquid Formaldehyde Concentration


The influence of the liquid formaldehyde concentration ([HCHO]liq) in the range 0–200 mg L−1 on the generated gaseous concentration of formaldehyde was studied using the formaldehyde analyser (µ-F1, Chromatotec, Val-de-Virvée, France) calibrated according to Figure 3b. The temperature of the aqueous formaldehyde solution was set at 10.7 °C, which corresponds to a setpoint of 10 °C for the incubator.



The gas flow rate through the microporous tube was set at 50 mL min−1 and the microporous tube length at 7 cm. Again, for the two highest concentrations of 358.8 and 519.4 µg m−3, obtained with [HCHO]liq of 150 and 200 mg L−1, respectively, the gas mixture generated by the source was previously diluted with pure air before its quantification analysis with the formaldehyde analyser. Consequently, corrections on the generated formaldehyde concentration and the Relative Humidity (%) have been applied from the experimental measurements and the subsequent dilutions.



In Figure 4, the generated gaseous formaldehyde concentration increases linearly from 0 to 519 µg m−3 for liquid formaldehyde concentrations in the range 0–200 mg L−1, the zero value being obtained with a pure water solution. In the same conditions, the RH value varies from 31 to 39%.




3.2. Influence of Gas Flow Rate


The impact of the air flow rate in the range 25–100 mL min−1 through the microporous tube on the generated gaseous formaldehyde concentration was investigated by monitoring the resulting [HCHO]gas with the online formaldehyde analyser. The temperature of the liquid solution of formaldehyde was maintained at 10.7 °C, the microporous tube length was 7 cm and the aqueous formaldehyde concentration ranged between 0 and 200 mg L−1.



Figure 5a shows [HCHO]gas vs. [HCHO]liq for the three investigated gas flow rates, i.e., 25, 50, and 100 mL min−1 and for liquid formaldehyde concentrations ranging between 0 and 200 mg L−1. The gaseous formaldehyde concentrations are in the ranges 2.1–682.2 µg m−3, 1.4–519.4 µg m−3, 0.7–337.4 µg m−3 for 25, 50 and 100 mL min−1, respectively. The RH values are also reported in Figure 5a. They vary in the ranges 31–42%, 27–39% and 24–32% for 25, 50 and 100 mL min−1, respectively. Again, for the two highest liquid formaldehyde concentrations for each gas flow rate, the gas mixture generated by the source was previously diluted with pure air prior to gas analysis. Subsequent corrections on the generated formaldehyde concentration and the relative humidity (%) have been applied from the experimental measurements and the applied dilutions.



Figure 5b focuses on the lowest liquid concentrations, i.e., in the range 0–50 mg L−1.




3.3. Influence of the Temperature of the Liquid Solution


The temperature influences on the non-Henry equilibrium gas–liquid dynamics and thus on the generated gaseous formaldehyde concentration was studied at two different temperatures: 10.7 and 21.8 °C. A gas flow rate of 50 mL min−1 and a microporous tube length of 7 cm were fixed whereas the liquid concentration of formaldehyde ranged between 0 and 200 mg L−1. The resulting formaldehyde gas concentration was monitored with the online formaldehyde analyser.



The plots of [HCHO]gas vs. [HCHO]liq is displayed in Figure 6 for the two investigated temperatures and for liquid formaldehyde concentrations ranging between 0 and 200 mg L−1. The gaseous formaldehyde concentrations are in the ranges 1.4–519.4 µg m−3, 3–1141.6 µg m−3, for 10.7 and 21.8 °C, respectively. The RH values are also reported in Figure 6 and they vary in the ranges 27–34% and 48–57% for 10.7 and 21.8 °C, respectively. For each temperature and for the two highest liquid formaldehyde concentrations, the gas mixture generated by the source was previously diluted with pure air prior to gas analysis. Corrections on the generated [HCHO]gas and RH (%) have been therefore applied from the experimental measurements and dilutions.



As a complement to this study, a measurement of the humidity was carried out at different gas flows and temperatures. Figure 7 exhibits the values of RH as a function of the gas flow rate between 25 and 100 mL min−1 for four distinct temperatures, i.e., 5.8 °C, 10.7 °C, 15.4 °C and 21.8 °C.



For the four investigated temperatures, RH varies in the ranges 20–27%, 25–42%, 34–51% and 45–65% for 5.8 °C, 10.7 °C, 15.4 °C and 21.8 °C, respectively.




3.4. Influence of the Microporous Tube Length


Here, the effect of the length of the microporous tube on the generated quantities of gaseous formaldehyde and water vapor was studied under the same experimental conditions. The gas flow rate was set at 100 mL min−1 and the temperature of the formaldehyde solutions was regulated at 10.7 °C. Three microporous tube lengths were studied: 3.5 cm, 7 cm, and twice 7 cm to obtain 14 cm for different liquid formaldehyde concentrations from 10 to 100 mg L−1.



The linear plots of [HCHO]gas vs. [HCHO]liq is displayed in Figure 8a for the three studied microporous tube lengths. For liquid formaldehyde concentrations ranging between 0 and 100 mg L−1. The generated gaseous formaldehyde concentrations are in the ranges 0.6–82.7 µg m−3, 1.4–141.0 µg m−3 and 2.1–320.0 µg m−3, for L = 3.5 cm, L = 7 cm, and L = 14 cm, respectively. The corresponding relative humidity varies between 23–27%.



For a given value of [HCHO]liq in the range 10–100 mg L−1, Figure 8b shows linear plots of [HCHO]gas vs. the microporous tube length.




3.5. Influence of the Microporous Tube Position


Finally, the effect of the position of the microporous tube on the generated gaseous formaldehyde concentration and more precisely on its stability was also studied. For this, five configurations comprising coiled and straight tubes as illustrated in Figure 9 were investigated and combined with various microporous tube lengths (L = 3.5–20 cm). This effect of the microporous tube configuration was studied under the same experimental conditions with a liquid formaldehyde concentration of 20 mg L−1, a liquid solution temperature of 10.7 °C and a gas flow rate of 50 mL min−1.



Figure 10 shows the fluorescence signal of the formaldehyde analyser for the five studied configurations.





4. Discussion


The results presented above, and the influence of the different studied parameters on the non-Henry equilibrium gas–liquid dynamics are discussed below following the same arrangement as in Section 3. In addition, the consumption of formaldehyde in an aqueous solution has been determined to estimate the autonomy of this gaseous formaldehyde generator for laboratory applications or field calibrations. The performances of this novel gas generator are also compared with those already either described in the scientific literature or available on the market (see Table 1 and Table 2).



4.1. Influence of the Liquid Formaldehyde Concentration


For given values of Fgas, T and L, the generated gaseous formaldehyde concentration, expressed in µg m−3, increases perfectly linearly with the aqueous formaldehyde concentration when this latter ranges between 0 and 200 mg L−1 (see Figure 4). The generated gaseous formaldehyde concentration is therefore proportional to the liquid one, proving that a dynamic equilibrium is established at the gas/liquid interface formed by the microporous tube. According to the results shown in Figure 4, it seems quite easy, with this device, to generate very stable concentrations of gaseous formaldehyde over a wide range from a few µg m−3 to more than 500 µg m−3, by simply changing the concentration of the solution in the vial. In practice, this can be done very simply in a few minutes once the formaldehyde solution has been prepared and pre-cooled to the desired temperature.



In addition, with this type of linear regression obtained in Figure 4, it is also easy to determine the formaldehyde solution to be prepared for the targeted formaldehyde concentration in the gas phase.



It should also be noted that the gaseous formaldehyde concentrations obtained are typically those measured in indoor air, either in domestic (0–100 µg m−3) [6,8,13,15] or in professional environments (0–740 µg m−3) [22].



In these conditions (Fgas = 50 mL min−1, T = 10.7 °C, L = 7 cm), the relative humidity fluctuates around 35%.




4.2. Influence of Gas Flow Rate


For a given microporous tube length, the gas flow rate applied can directly modify the gas/liquid contact time, a higher flow rate implying a shorter contact time.



The gas flow rate was varied in the range 25–100 mL min−1 to limit gas consumption mainly for field use and calibration purposes. It should be noted that the minimum gas flow value of 25 mL min−1 was chosen because of the 20 mL min−1 sample gas flow required for the formaldehyde analyser [14,37], which nevertheless maintained a small leakage of 5 mL min−1 of the excess gas to leave the set-up at atmospheric pressure.



As shown in Figure 5, for fixed values of the temperature and the microporous tube length, [HCHO]gas increases perfectly with the values of [HCHO]liq between 0 and 200 mg L−1 for the three air flow rates tested, namely 25, 50 and 100 mL min−1, confirming that a dynamic equilibrium is established at gas/liquid interface, whatever the gas flow rate used. For a fixed liquid concentration of formaldehyde, the gaseous formaldehyde concentration obtained increases when the gas flow rate decreases. Indeed, the gas–liquid contact time at the microporous tube interface increases when decreasing the gas flow rate. Thus, the higher this contact time, the higher are the generated gaseous formaldehyde concentration and hygrometry in the gas phase.



For Fgas of 25, 50 and 100 mL min−1, the slopes are 3.30 ± 0.08, 2.49 ± 0.07 and 1.59 ± 0.08 (µg m−3 mg−1 L), respectively, where the quoted errors correspond to two times the standard deviation. Consequently, doubling the gas flow rate Fgas from 25 to 50 mL min−1 and 50 to 100 mL min−1 leads on average to a decrease in the gas phase concentration of about 25% and 36%, respectively, according to the ratio of the slopes obtained at these flow rates. While changing the concentration of the formaldehyde solution seems more appropriate to easily vary the generated formaldehyde gas concentration typically over at least two orders of magnitude, a decrease in gas flow through the micropore tube by a factor of 4 from 100 to 25 mL min−1 can already double the generated concentration. Such a variation can be controlled by computer, whereas changing the solution requires human intervention.



With the three flow rates studied, the concentrations generated, i.e., 2.1–682.2 µg m−3, 1.4–519.4 µg m−3 and 0.7–337.4 µg m−3 for 25, 50 and 100 mL min−1, respectively, correspond well to the calibration requirements in terms of concentrations encountered in domestic indoor environments (0–100 µg m−3) [6,7,8,15] and professional ones (0–1000 µg m−3) [18,22,69]. The choice of the gas flow rate could be dictated by the sampling gas flow rate of the instrument to be calibrated.



Concerning the average relative humidity generated at T = 10.7 °C and with L = 7 cm, it slightly decreases when the gas flow rate increases: 36%, 33% and 28% for 25, 50 and 100 mL min−1, respectively. This corresponds to the lower limits of RH values found in indoor environments [70].




4.3. Influence of the Temperature of the Liquid Solution


For a given molecule, the distribution between the gaseous and aqueous phases is driven by Henry’s law (Equation (1)) as soon as the aqueous solution is sufficiently diluted, i.e., typically for aqueous concentration lower than 1 × 10−3 or 1 × 10−2 mol L−1, which is the case in the present study.



In the literature, several studies describe a device based on a dynamic equilibrium between the gas and liquid phases where the gas passes through a porous tube immersed in a dilute solution containing an organic molecule X and regulated in temperature [71,72,73,74,75]. Nevertheless, the length of their porous tube was very long in these studies reaching several meters to obtain an equilibrium verifying Henry’s law at the reactor outlet:


HX = [X]aq/Px,



(1)




where HX is the Henry’s law constant of X (in M atm−1), [X]aq is the aqueous concentration (M) and PX is the partial pressure of X (atm). According to the perfect gases law, PX can be easily expressed in ppb and then in µg m−3.



In this work, the length of the microporous tube (L = 3.5–14 cm) was drastically reduced to obtain a transportable compact device for generating gas mixtures. Therefore, in our study, Henry’s equilibrium is not reached at the outlet of the microporous tube.



However, non-Henry equilibrium gas–liquid dynamics met in our experiments and thus the concentration of formaldehyde generated in the gas phase should be impacted with temperature according to the temperature dependence of the Henry’s law constant which follows a Van’t Hoff law.



This is confirmed by our experimental results shown in Figure 6 for the two investigated temperatures: the concentration of gaseous formaldehyde increases perfectly linearly with the liquid one between 0 and 200 mg L−1 for both temperatures tested. At 10.7 °C (283.85 K) and 21.8 °C (294.95 K), the slopes are S = 2.49 ± 0.07 and S = 5.52 ± 0.15 (µg m−3 mg−1 L), respectively, where the quoted errors correspond to two times the standard deviation.



The slopes (S) of these plots are inversely proportional to the Henry’s law constant:


S = 1/HX = Px/[X]aq,



(2)







According to Equation (2), we can calculate the ratio between the two slopes, S294.95 K and S283.85 K, obtained at 21.8 °C (294.95 K) and 10.7 °C (283.85 K):


S294.95 K/S283.85 K = HHCHO, 283.85 K/HHCHO, 294.95 K,



(3)







Experimentally, the ratio S294.95 K/S283.85 K = 5.52/2.49 = 2.21 ± 0.13 where the quoted error is calculated from the uncertainties on both experimental slopes.



Temperature dependence of the Henry’s law constant of formaldehyde was previously reported in the literature [73]. According to the Van’t Hoff expression of HHCHO given by Allou et al (2011), the ratio between the Henry’s law constants at 283.85 and 294.95 K, respectively, is the following:


    H   HCHO ,   283.85   K   /   H   HCHO ,   294.95   K   = 10180 ± 1425 / 4344 ± 608 = 2.34   ±   0.66  








where the quoted errors on the two Henry’s law constants are those reported by Allou et al (2011) [73].



Within the error bars on both ratios, the equality of Equation (3) is verified, and the results are therefore consistent.



From a practical point of view, the increase from 10.7 to 21.8 °C (10 to 20 °C on the incubator control) allows the generated concentration of gaseous formaldehyde to be increased by 230% on average from aqueous formaldehyde solutions between 0 and 200 mg L−1. The increase effect on the gas concentration is comparable to a decrease in the flow rate from 100 to 25 mL min−1, as observed in Section 4.2.



However, the gas concentration change will be faster with a change in the gas flow rate because a temperature change requires a certain amount of time (about 2 h in our conditions from 10.7 to 21.8 °C) due to the thermal inertia of the device related to the volume of the solution.



In addition, the temperature change can significantly alter the relative humidity of the generated gas phase. Indeed, under our experimental conditions, average RH values are about 30% at 10.7 °C and around 52% at 21.8 °C (see Figure 6). Figure 7 highlights that RH decreases when the temperature decreases and when the gas flow rate decreases, as already observed in Figure 5. However, it will be advisable to avoid having the temperature of the generating device too high compared to the room temperature to prevent any condensation of water droplets in the tubing downstream of the generating device. Such condensation and water droplet formation will trap gaseous formaldehyde and will induce instabilities in terms of gaseous formaldehyde concentrations generated since this compound is very water soluble.




4.4. Influence of the Microporous Tube Length


The length of the porous membrane can strongly affect the transfer of formaldehyde into the gas phase, since it changes the total surface area of the interface and increases the gas/liquid contact time when increasing the microporous tube length.



This is confirmed by the results obtained in this work and displayed in Figure 8a,b at 10.7 °C and Fgas = 100 mL min−1. Figure 8a highlights that for a given concentration of formaldehyde in aqueous solution, the microporous tube length influences the generated gaseous formaldehyde. Indeed, for microporous tube lengths of 3.5 cm, 7 cm and 14 cm, the slopes of the calibration curves are 0.78 ± 0.08, 1.48 ± 0.11 and 3.19 ± 0.07 µg m−3 mg−1 L, respectively, where the quoted errors correspond to two times the standard deviation. The slopes of the curves are proportional to the length of the microporous tube. This proportionality is also verified in Figure 8b, wherein the gaseous formaldehyde concentration is increasing linearly with the length of the microporous tube up to 14 cm. Such an observation supports the hypothesis of the establishment of a dynamic equilibrium between the gas and liquid phases at the porous interface, where the gas–liquid contact time influences the formaldehyde transfer efficiency from the liquid to the gas phase. These results confirm also that the non-Henry equilibrium is not reached in our conditions for L = 3.5–14 cm.



Conversely, the results obtained in Figure 8 indicate that relative humidity is poorly influenced by the length of the microporous tube with an average value of 25% in our conditions.



In practice, a shorter microporous tube will be used to generate a lower range of gaseous formaldehyde concentrations while a longer one will be more suitable for generating high concentrations of gaseous formaldehyde. While changing the length of this microporous tube does allow the gas concentrations generated to be modified, it does require maintenance of the instrument. Again, changing the gas flow rate or the solution and thus its liquid concentration seems more appropriate to simply vary the generated gas concentration of formaldehyde.




4.5. Influence of the Microporous Tube Position


Figure 10 shows that for a coiled tube configuration, the generated gas concentrations are not stable (points A and B) whereas for perfectly straight tube configurations, the generated concentrations are very stable (points C, D and E). Its helical positioning alters the gas–liquid exchange surface, resulting in disturbances and thus unstable concentrations of gaseous formaldehyde.



Thus, in case of analytical calibration purposes, the microporous tube must be perfectly straight for reproducible formaldehyde gas generation.




4.6. Consumption of Formaldehyde in Aqueous Solution and Device Autonomy


The device autonomy is a key point to ensure stable gas generation over time, at least during the calibration of the instruments. It could be assumed that the liquid formaldehyde concentration can be considered constant if less than 1% of the formaldehyde molecules have been transferred in the gas phase. Therefore, Table S1 shows the time tautonomy (min) required for this consumption of 1%, which will be defined as the operating autonomy of the device. This time is calculated as follows considering the gaseous formaldehyde as perfect gas:


  1 %    n  H C H O   l i q   =  n  H C H O   g a s    



(4)






  1 %    n  H C H O   l i q   = 1 %         H C H O     l i q   ×  V  s o l      M  H C H O      



(5)






   P  H C H O   g a s   ×  V  H C H O   g a s   =  n  H C H O   g a s   × R × T  



(6)






   V  H C H O   g a s   =  F  H C H O   g a s   ×  t  a u t o n o m y      



(7)






   t  a u t o n o m y   =      n  H C H O   g a s   × R × T    P  H C H O   g a s   ×  F  H C H O   g a s      



(8)







With:



nHCHO liq: number of moles of formaldehyde in the liquid solution (mol);



nHCHO gas: number of moles of formaldehyde in gas generated (mol);



[HCHO]liq: concentration of formaldehyde in the liquid solution (mol L−1);



Vsol: Volume of liquid solution (L);



MHCHO: molar mass of formaldehyde (g mol−1);



PHCHO gas: partial pressure of formaldehyde derived from the experimental gas concentrations (µg m−3) obtained in this work at atmospheric pressure (Pa);



VHCHO gas: Volume of gaseous formaldehyde (m3);



R: Universal constant of perfect gases (J K−1 mol−1);



T: Temperature (K);



FHCHO gas: gas flow rate through the microporous tube (m3 min−1).



Based on the experimental concentrations of formaldehyde in the gas phase, Figure 11 shows the autonomy calculated according to Equation (8) as a function of the concentration of formaldehyde in solution, for the three gas flow rates studied.



For a given flow rate and for liquid concentrations from 5 to 200 mg L−1, the autonomy is relatively stable, a moderate decrease is observed: 22% (25 mL min−1), 24% (50 mL min−1) and 20% (100 mL min−1). The inconsistency of the data at 2.5 mg L−1 suggests that either the gas concentrations generated under these conditions are too low for reliable measurement with the two analytical techniques used or liquid formaldehyde concentrations could be affected by the presence of residual liquid formaldehyde in pure water. The formaldehyde gas concentrations with 2.5 mg L−1 at 10.7 °C, are equal to 8.6, 2.5 et 1.3 µg m−3 for 25, 50 and 100 mL min−1, respectively.



Conversely, the gas phase flow rate strongly impacts the autonomy of the device, as highlighted in Figure 11. At 25 mL min−1, the autonomy is approximately twice that found with 100 mL min−1.



It should be noted that a doubled volume of solution would double the autonomy of the gas generator.



At 10 °C and for gas flow rates of 25, 50 or 100 mL min−1, it appears that all experimental conditions allow us to obtain an autonomy of more than 10 days with a continuous operation 24 h a day (see Table S1 and Figure 11). After 10 days, it is therefore advisable to renew the aqueous formaldehyde solution for the unwary user.



However, an instrument calibration procedure usually lasts much less than 10 days to generate several gas concentrations. Figure 11 and Table S1 therefore show that all the conditions tested allow a very ample autonomy to perform a calibration.




4.7. Comparison with Other Gas Generators of Formaldehyde


As mentioned in the introduction, gaseous formaldehyde can be generated by many methods (see Table 1 and Table 2) and using several reagents: methanol, paraformaldehyde and trioxane (polymerized solids), formaldehyde (in liquid solution).



The objective of this work was to obtain a relatively low-cost device able to generate low formaldehyde concentrations while using low gas flow rates and to be able to easily modulate the generated concentrations in the range of gas concentrations of domestic and professional indoor environments. To facilitate the comparison with the present work, Figure 12 gathers the performances of the different gaseous sources of formaldehyde [54,56,59,60,76] and allows us to visualize the gaseous concentrations of formaldehyde generated as a function of the gas flow rate used (mL min−1). Only the techniques where both generated gas formaldehyde concentrations and gas flow rates are provided by the authors or manufacturers are displayed in Figure 12.



According to Figure 12, the permeation-based methods are the most used in the literature, with a wide range of air or nitrogen flow rates from 12.4 to 6500 mL min−1, in contrast to the other techniques which use flow rates from 250 to 2000 mL min−1. For paraformaldehyde permeation tubes, several parameters can vary such as the gas flow rate and tube length used. The temperature could be a variable parameter; however, it is most often fixed at 70 °C to convert paraformaldehyde into gaseous formaldehyde. For a given length of permeation tube, only the gas flow rate can vary the resulting formaldehyde gas concentration. Andrawes et al generated a concentration of 6633 µg m−3 for a gas flow rate of 12.4 mL min−1 [54] (Figure 12, reference A) whereas the Chromatotec company generated a concentration of 214 µg m−3 for a flow rate of 70 mL min−1 with a permeation tube length of 4.5 cm [76] (Figure 12, reference G). This lower concentration can be obtained at the expense of a large gas flow, leading to a decrease in the formaldehyde gas concentration. A similar behaviour was observed by Aoyagi et al with a permeation tube length of 5 cm (Figure 12, reference D), their generated concentrations being equal to 120, 60, 20 and 10 µg m−3 for the flow rates of 507-, 993-, 3040- and 6050 mL min−1, respectively [59]. Whatever the study [54,59], in the case of the permeation tube used with solid paraformaldehyde, the application of a fixed gas flow rate generates a single formaldehyde concentration in the gas phase.



In our study, in addition to the gas flow rate and the microporous tube length, which are parameters that can be varied with a permeation tube operating with paraformaldehyde [54,59], two other parameters allow us to easily modify the generated formaldehyde gaseous concentration: the temperature and the concentration of the formaldehyde solution. Therefore, for a given gas flow applied, the resulting ranges of gaseous formaldehyde concentration can be very large, from 2.1 to 1738.7 µg m−3, 1.4 to 1141.6 µg m−3 and 0.7 to 622.7 µg m−3 for 25, 50 and 100 mL min−1, respectively.



For the commercial permeation tube (Permeater PD1B, Gastec, Kanagawa, Japan) which also operates with a liquid formaldehyde solution, they report a concentration range of 6 to 295 µg m−3 for a gas flow rate of 200 to 10,000 mL min−1 with a permeation tube of 5 cm [77]. However, they do not specify the liquid concentration used and indicate that their apparatus operates at 25 and 50 °C. In Figure 12 (reference F), it was assumed that the concentration of 295 µg m−3 was obtained with 200 mL min−1. This latter is consistent with our value of 622.7 obtained at 100 mL min−1, T = 10.7 °C and [HCHO]liq = 200 mg L−1. In their case, lower concentrations are then obtained by dilution with pure air [77], requiring very high gas flow rates of several L min−1 to reach concentrations of the order of 10–50 µg m−3.



The dynamic evaporation of aqueous formaldehyde solution consists of bubbling pure air into a 10 mL formaldehyde solution contained in a vial of 20 mL and recovering the formaldehyde loaded gas. Zhu et al (2019) conducted experiments in which Fgas = 40 mL min−1. They reached a gas concentration of HCHO ranging between 1 and 123 µg m−3 as shown in Figure 12 (reference E) by varying the liquid concentration [60].



The technique based on liquid droplets vaporization generated with a nebulizer from an aqueous formaldehyde solution (see reference C in Figure 12), permits to only generate huge gaseous formaldehyde concentrations (4.5–180 × 103 µg m−3) despite a strongly reduced liquid flow rate of 0.2–9.2 pL min−1 in a gas flow of 900 mL min−1.



Finally, the use of a pump motor driven syringe allows us to vary the concentration of gaseous formaldehyde between 983 and 1597 µg m−3 by continuously injecting a liquid solution of formaldehyde (37%) at a very low liquid flow rate of 0.10 µL h−1 in an air flow of 315 mL min−1 (Figure 12, reference B) [54].



Figure 12 demonstrates that the technique developed in this work is the only one that allows us to work with a low flow rate such as 25 to 100 mL min−1 while generating a wide range of concentrations (10–1000 µg m−3) with a very good accuracy. In its simplest configuration, the device uses only one RDM, which reduces the cost of the instrument to EUR 1850, since the RDM alone costs about EUR 1440. The generated concentration range is also perfectly representative of indoor air ones.





5. Conclusions


The present work reports the development and the validation of a new simple and easy to use generator of gas mixtures based on non-Henry equilibrium gas–liquid dynamics at a microporous interface. This device has been validated with formaldehyde, which is a major indoor air pollutant.



The gas mixture of interest is generated from a temperature-controlled aqueous formaldehyde solution placed inside a 250 mL vial in which a short straight microporous tube is immersed. A non-emissive 3D device has been designed and manufactured to ensure that it is positioned perfectly straight. A carrier gas (synthetic air or nitrogen) is injected into the microporous tube at a given flow rate, thanks to tubing that are connected to the microporous tube in a perfectly sealed manner. At the outlet of the reactor, the gas pollutant concentration depends on the pollutant concentration of the liquid solution, the gas flow rate, the temperature, and the length of the microporous tube.



Our results show that gas concentrations of formaldehyde, representative of indoor environments at home or at work, can be easily generated, typically from a few tens to several hundred ppb and even more. Indeed, this device allows the generation of precise and stable gaseous formaldehyde levels in the range of 10–1739 µg m−3 (8.1–1416 ppb). To date, there are different types of devices for the generation of gaseous formaldehyde. However, this device is the only one that has a very wide concentration range with a low carrier gas flow rate.



The developed instrument is very flexible, since the length of the microporous tube, gas flow rate, temperature and concentration of the liquid solution can be adapted to the range of formaldehyde concentrations targeted. To achieve high gas concentrations that can be found in industrial or heavily polluted environments, the length of the microporous tube, the aqueous concentration and temperature can be increased, whereas the flow rate of the carrier gas can be decreased. Conversely, to generate low concentrations, the length of the microporous tube, the concentration and temperature of the pollutant solution can be decreased, and the carrier gas flow rate increased. However, the carrier gas flow rate affects the autonomy of the device. When using a high flow rate, the liquid pollutant solution has to be changed every 10 days, whereas for a low flow rate of 25 mL min−1, the solution can be used continuously for 20 days.



For the calibration of multi-point measurement instruments, we recommend the two approaches detailed below:




	−

	
The first is to vary the concentration of the aqueous formaldehyde solution and recheck at least one of the highest formaldehyde concentrations generated with sampling on DNPH tube followed by HPLC analysis.




	−

	
The second consists of fixing the gaseous concentration of formaldehyde, for example Fgas = 25 mL min−1, T = 10 °C, and [HCHO]liq = 100 mg L−1. Again, it will be necessary to recheck the concentration generated with the reference method involving an active sampling on DNPH tube and its HPLC analysis. Then, the concentration of gaseous formaldehyde will be varied by diluting this gaseous mixture with a gaseous flow of pure air at the outlet of the device which could be beforehand purified with a DNPH tube to remove the residual gaseous formaldehyde. This will allow for an easy and fast variation of the formaldehyde gas concentrations for a quick calibration, avoiding the time loss to reach a new dynamic equilibrium when changing the experimental conditions.









The concentration of gaseous formaldehyde, while maintaining a stable relative humidity, can be varied by changing the formaldehyde concentration of the liquid solution for a fixed temperature and a constant gas flow rate. For example, at 10 °C and 50 mL min−1, the generated gas concentration of HCHO ranges between 21 and 519 µg m−3 (17–422 ppb), for RH = 31–34% and [HCHO]liq = 10–200 mg L−1.



For a given generated gaseous formaldehyde concentration, it is also possible to vary the relative humidity with the developed device based on the set-up presented in Figure S2 where three different gas flow rates are needed. Indeed, DHCHO, Ddry and Dhumid correspond to the gas flow rates of formaldehyde obtained by the developed gas generator, dry air, and humid air, respectively. The humid air is obtained with the same gas generator as that used for formaldehyde, with pure water replacing the aqueous formaldehyde solution. The experimental conditions permitting to generate a fixed target formaldehyde concentration of 100 µg m−3 (81.4 ppb) at the outlet of the set-up shown in Figure S2, are summarized in Table S2. The resulting theoretical relative humidity (RHtotal) derived from our experimental data can vary between 7 and 62%. As water vapour is likely to interfere with many analytical instruments dedicated to formaldehyde [78,79]. Varying the relative humidity easily for the same formaldehyde concentration may therefore be of great interest to demonstrate the effect of gaseous water on formaldehyde measurement. The first limitation of this gas generator is that it cannot generate perfectly dry gas mixtures unlike permeation tubes using paraformaldehyde [54,59], which could be useful for some specific applications.



The new gas generator is relatively compact and light, making it easy to transport for on-site calibrations. Currently, the size of the incubator is slightly oversized, and a custom-made temperature control device could be developed to reduce the overall footprint.



Using a 110 L nitrogen cylinder (197140, Air Products, Aubervilliers, France) and a gas flow rate of 25 mL min−1, the operating time is estimated to be approximately 73 h, or 9.2 days at 8 h per day. If we consider that it takes only a few hours for a stable concentration of gaseous formaldehyde, this autonomy allows for a complete calibration with 5 points and even much more.



This study was focused on the generation of gaseous formaldehyde to take advantage of our expertise in the on-line measurement of this soluble species. Of course, this gas generator will not permit the generation of non-water-soluble compounds such alkanes, alkenes, aromatic compounds, etc., which constitutes the second limitation of the device. Nevertheless, this method of generating pollutants in the gas phase can be used for all molecules soluble in aqueous solution and for the following families of organic pollutants: aldehydes, ketones, alcohols, esters, carboxylic acids, etc. However, for some species, the pH of the aqueous solution can have an impact on the concentration generated in the gas phase.
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The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/chemosensors10040131/s1, Figure S1: Device used for the generation of gaseous formaldehyde from a liquid solution. This device integrates a cylinder of pure air, a mass flow controller, a glass reactor containing the aqueous formaldehyde solution where the microporous tube and its fixing system are immersed. At the outlet of the device, an autosampler allows a sampling of the gas generated on a DNPH cartridge for a subsequent analysis on HPLC-UV, Figure S2: Set-up recommended to vary the relative humidity of a generated gaseous formaldehyde mixture. MFC means Mass Flow Controller. DHCHO, Ddry and Dhumid are the gas flow rates of formaldehyde obtained by developed gas generator, dry air, and humid air, respectively. The humid air is obtained with the same gas generator than that used for formaldehyde, pure water replacing the aqueous formaldehyde solution, Table S1: Calculation of the autonomy (tautonomy), i.e., the time required for a loss of 1% of the mole number present in the formaldehyde solution at 10.7 °C and a gas flow rate Fgas of 25, 50 and 100 mL min−1, with a volume of liquid solution of 300 mL and for liquid formaldehyde concentration in the range 2.5–200 mg L−1, Table S2: Calculation of the theoretical Relative Humidity (RHtotal) obtained for various conditions and a fixed target formaldehyde concentration of [HCHO]gas, final = 100 µg m−3 (81.4 ppb) at the outlet of the set-up shown in Figure S2. THCHO, liq is the temperature of the liquid solution of formaldehyde; [HCHO]liq and [HCHO]gas are the formaldehyde concentrations in liquid and gas phases, respectively. The aqueous formaldehyde concentrations have been derived from the linear plots of [HCHO]gas vs. [HCHO]liq. DHCHO, Ddry and Dhumid are the gas flow rates of formaldehyde obtained by developed gas generator, dry air and humid air, respectively. The humid air is obtained with the same gas generator than that used for formaldehyde, pure water replacing the aqueous formaldehyde solution. Dtotal is the resulting total gas flow. RHHCHO, RHdry and RHhumid are the experimental relative humidities obtained in this work. RHtotal is the theoretical resulting final humidity of the gas mixture according to the relative contribution of each gas to the total flow rate.
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Figure 1. Device used for the generation of gaseous formaldehyde from a liquid solution. This device integrates a cylinder of pure air, a mass flow controller, a glass reactor containing the aqueous formaldehyde solution in which the microporous tube and its fixing system are immersed, an incubator to regulate the temperature. At the outlet of the device, the formaldehyde analyser monitored the gaseous formaldehyde concentration and the relative humidity in the gas mixture. 
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Figure 2. Support pictures of the microporous tube either designed by CAD (left) or manufactured in ABS by 3D printing. A: 3D support of the microporous tube; B: microporous tube of 7 cm long; C: bevelled stainless-steel tube serving as a connector for the microporous tube; D: 1/16-inch Teflon tube; E: GL 45 bottle cap. 
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Figure 3. Fluorescence signal of the formaldehyde analyser (µF1, Chromatotec, Val-de-Virvée, France) obtained at various gaseous formaldehyde concentrations: (A) 3.4 µg m−3 (2.7 ppb), (B) 17.5 µg m−3 (14.0 ppb), (C) 73.6 µg m−3 (58.9 ppb), (D) 192.8 µg m−3 (154.4 ppb), (E) 304.6 µg m−3 (243.9 ppb), (F) 432.1 µg m−3 (346.1 ppb) with Fgas = 50 mL min−1, T = 10.7 °C, L = 7 cm, a photomultiplier gain set at 50% and [HCHO]liq = 2.5–200 mg L−1. Red data mean that the formaldehyde gas mixture generated by the source was previously diluted with pure air prior to analysis, so a correction has been applied to obtain the real values. (a) Raw fluorescence signal of the formaldehyde analyser for the concentrations A–F (reconstructed plot, see text); (b) Calibration of the formaldehyde analyser: fluorescence signal vs. gaseous formaldehyde concentrations generated by the gas generator shown in Figure 3a and measured by the ISO 16000-3 reference method. The quoted error bars on the concentration are calculated from uncertainties of the MFC, the sampling volume and the HPLC analysis of DNPH tubes. Vertical error bars correspond to two times the standard deviation, but they are too small to be visible. 
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Figure 4. Concentration of gaseous formaldehyde ([HCHO]gas) and relative humidity measured with the formaldehyde analyser (µF1, Chromatotec, Val-de-Virvée, France) vs. the liquid formaldehyde concentration with Fgas = 50 mL min−1, T = 10.7 °C, L = 7 cm, a photomultiplier gain set at 50% and [HCHO]liq = 0–200 mg L−1. The horizontal error bars correspond to the uncertainties calculated from the preparation of the liquid formaldehyde solution. The vertical error bars correspond to two times the standard deviation, but they are too small to be visible. Red circles and black triangles mean that the generated gaseous formaldehyde mixture has been diluted prior to analysis, so a correction has been applied to obtain the real values of [HCHO]gas and RH. 
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Figure 5. Concentration of the generated gaseous formaldehyde and relative humidity measured with the formaldehyde analyser (µF1, Chromatotec, Val-de-Virvée, France) vs. the liquid formaldehyde concentration for three different gas flow rates (25 mL min−1 in green, 50 mL min−1 in blue and 100 mL min−1 in purple). The other parameters were fixed as follows: T = 10.7 °C, L = 7 cm, photomultiplier gain = 50%. The liquid formaldehyde concentrations were in the ranges: (a) 0–200 mg L−1 and (b) 0–50 mg L−1. The horizontal error bars correspond to the uncertainties calculated from the preparation of the liquid formaldehyde solution. The vertical error bars correspond to two times the standard deviation, but they are too small to be visible. Red circles and black triangles mean that the generated gaseous formaldehyde mixture has been diluted prior to analysis, so a correction has been applied to obtain the real values of [HCHO]gas and RH. 
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Figure 6. Generated concentration of gaseous formaldehyde and relative humidity obtained with a formaldehyde analyser (µF1, Chromatotec, Val-de-Virvée, France) vs. the liquid formaldehyde concentration for two different temperatures (10.7 °C in blue and 21.8 °C in purple), [HCHO]liq = 0–200 mg L−1, Fgas = 50 mL min−1, L = 7 cm, photomultiplier gain = 50%. The horizontal error bars correspond to the uncertainties calculated from the preparation of the liquid formaldehyde solution. The vertical error bars correspond to two times the standard deviation, but they are too small to be visible. Red circles and black triangles mean that the generated gaseous formaldehyde mixture has been diluted prior to analysis, so a correction has been applied to obtain the real values of [HCHO]gas and RH. 
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Figure 7. Relative humidity measured with the formaldehyde analyser (µF1, Chromatotec, Val-de-Virvée, France) vs. the gas flow rate applied in the microporous tube using pure water. T = 5.8, 10.7, 15.4 and 21.8 °C, Fgas = 25, 50, 60, 80 and 100 mL min−1. 
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Figure 8. Generated gaseous formaldehyde concentration and relative humidity measured with a formaldehyde analyser (µF1, Chromatotec, Val-de-Virvée, France) for different tube lengths (L = 3.5 cm in purple, L = 7 cm in blue and L = 14 cm in green), with [HCHO]liq = 0–100 mg L−1, Fgas = 100 mL min−1, T = 10.7 °C, photomultiplier gain = 50%. The horizontal error bars correspond to the uncertainties calculated from the preparation of the liquid formaldehyde solution. The vertical error bars correspond to two times the standard deviation, but they are too small to be visible. (a) [HCHO]gas vs. [HCHO]liq for L = 3.5, 7 and 14 cm; (b) [HCHO]gas vs. the microporous tube length for [HCHO]liq = 10–10 mg L−1. 
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Figure 9. Pictures of the 5 microporous tube configurations of different tube lengths and positions. (A): L = 20 cm, coiled; (B): L = 14 cm, coiled; (C): L = 14 cm, straight; (D): L = 7 cm, straight; (E): L = 3.5 cm, straight. 
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Figure 10. Raw fluorescence signal of the formaldehyde analyser measured with the 5 studied configurations: A: L = 20 cm, coiled; B: L = 14 cm, coiled; C: L = 14 cm, straight; D: L = 7 cm, straight; E: L = 3.5 cm, straight. The other parameters were fixed as follows: [HCHO]liq = 20 mg L−1, Fgas = 50 mL min−1, T = 10.7 °C, photomultiplier gain = 50%. 
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Figure 11. Autonomy (tautonomy) vs. liquid formaldehyde concentration for a gas flow rate of 25, 50 and 100 mL min−1. The autonomy (tautonomy) is the time required for a loss of 1% of the mole number present in the formaldehyde solution at 10 °C, with a volume of liquid solution of 300 mL and for liquid formaldehyde concentration in the range 2.5–200 mg L−1. 
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Figure 12. Comparison of gaseous formaldehyde concentrations generated vs. gas flow rate using the different dynamic generation methods reported in the literature and this work. A: permeation tube with paraformaldehyde, Andrawes et al, (1984) [54]; B: pump motor driven syringe, Andrawes et al, (1984) [54]; C: vaporization with nebulizer of aqueous formaldehyde solution, Lindahl et al, (1996) [56]; D: permeation tube with paraformaldehyde, Aoyagi et al, (2012) [59]; E: Dynamic evaporation of aqueous formaldehyde solution, Zhu et al, (2019) [60]; F: Commercial instrument, Permeation tube with an aqueous solution of formaldehyde, Permeater PD1-B, Gastec, Japan [77]; G: Commercial instrument, permeation tube with paraformaldehyde, Chromatotec [76]; H: This work. 






Figure 12. Comparison of gaseous formaldehyde concentrations generated vs. gas flow rate using the different dynamic generation methods reported in the literature and this work. A: permeation tube with paraformaldehyde, Andrawes et al, (1984) [54]; B: pump motor driven syringe, Andrawes et al, (1984) [54]; C: vaporization with nebulizer of aqueous formaldehyde solution, Lindahl et al, (1996) [56]; D: permeation tube with paraformaldehyde, Aoyagi et al, (2012) [59]; E: Dynamic evaporation of aqueous formaldehyde solution, Zhu et al, (2019) [60]; F: Commercial instrument, Permeation tube with an aqueous solution of formaldehyde, Permeater PD1-B, Gastec, Japan [77]; G: Commercial instrument, permeation tube with paraformaldehyde, Chromatotec [76]; H: This work.
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Table 1. Devices for generating gaseous formaldehyde from liquid or solid reagents.
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Generation Mode

	
Reagent

	
Dynamic or Static Method

	
Reagent

Concentration (mg L−1)

	
Gas Flow Rate

(mL min−1)

	
Formaldehyde Concentration Range (µg m−3)

	
Gas Concentration Variation Method

	
Temperature (°C)

	
References






	
Catalytic

Conversion with molybdenum

	
Methanol

	
Dynamic

	
N/A a

	
1000

(nitrogen)

	
N/A a

	
Catalytic bed length (7.6 and 15.2 cm)

Methanol concentration

	
90

	
[53]




	
Pump motor driven syringe

	
Formaldehyde

	
Dynamic

	
32,430

	
315

	
980–16,000

	
Liquid flow ≥10 µL h−1

	
N/Aa

	
[54]




	
Permeation tube with paraformaldehyde (manufacturer)

	
Paraformaldehyde (weight loss of 60 ng min−1 at 70 °C)

Tube length: N/Aa

	
Dynamic

	

	
12.4

	
6630

	
No variation

	
70

	
[54]




	
Paraformaldehyde (weight loss of 83 µg min−1 at 50 °C)

Tube length of 5 cm

	
Dynamic

	

	
6050

3040

993

507

	
9.92

19.7

60.4

120

	
Gas flow rate

	
50

	
[59]




	
Vaporisation by nebulizer

	
Acetaldehyde (applicable with formaldehyde)

	
Dynamic

	
N/A a

	
900

	
4500–180,000

	
Liquid flow rate

(0.23–9.2 pL min−1)

	
Room temperature

	
[56]




	
Vaporisation by vacuum

	
Formaldehyde

	
Static

	
403,310

	
Purge

(nitrogen)

	
370,000

	
No variation

	
50

	
[55]




	
Evaporation of formaldehyde solution

	
Formaldehyde

	
Dynamic

	
0.1–14

	
40 (nitrogen)

	
0.6–120

	
Liquid formaldehyde concentration

	
25

	
[60]




	
Formaldehyde

	
Dynamic

	
N/A a

	
250–1000

(nitrogen)

	
12–380

	
Gas flow rate

	
40

	
[61]




	
Permeation tube

	
Formaldehyde

	
Dynamic

	
0.3–206

	
<400

	
4–1500

	
Liquid formaldehyde concentration

	
5–25

	
[58]




	
Diffusion tube

	
Trioxane

	
Dynamic

	
N/A a

	
N/A a

	
60–2500

	
Gas flow rate

	
35.2

	
[57]




	
Microporous tube

	
Formaldehyde

	
Dynamic

	
2.5–200

	
25

50

100

	
2.1–1738.7

1.4–1141.6

0.7–622.7

	
Gas flow rate

Liquid formaldehyde concentration

Tube length

Temperature of the liquid solution

	
10.7 and 21.8

	
This work








a N/A: data not available.
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Table 2. Commercial devices for generating gaseous formaldehyde based on the permeation tube method.
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	Module
	Manufacturer
	Reagent
	Picture of the Device
	Oven Temperature (°C)
	Flow Range

(mL min−1)
	Weight (kg)
	Dimension (cm)
	Main Characteristic





	AirmoHCHO
	Chromatotec
	Paraformaldehyde
	 [image: Chemosensors 10 00131 i001]
	60
	70
	20
	22 × 48 × 66
	[HCHO]gas = 214 µg m−3

Tube length: 4.5 cm



	DynaCalibrator
	Vici Metronics (Santa Clara, CA, USA)
	Paraformaldehyde
	 [image: Chemosensors 10 00131 i002]
	2–110
	1000–20,000
	33
	43 × 60 × 26
	[HCHO]gas = 1–10,000 µg m−3

Max tube length: 24 cm

Solid compound



	ETG CALG 100
	ETG Risosse e Tecnologia (Montiglio, Italy)
	Formaldehyde or paraformaldehyde
	 [image: Chemosensors 10 00131 i003]
	2–60
	N/A a
	9
	13 × 48 × 38
	[HCHO]gas = 1–10,000 µg m−3

Liquid or solid compounds



	FlexStream
	KIN-TEK (La Marque, TX, USA)
	Formaldehyde
	 [image: Chemosensors 10 00131 i004]
	5–150
	250–5000
	13
	18 × 34 × 20
	Modular up to 8 components

The permeation tube is immersed in the formaldehyde solution



	OVG-4
	Owistone Med (Norwalk, CT, USA)
	Formaldehyde or paraformaldehyde
	 [image: Chemosensors 10 00131 i005]
	35–100
	50–500
	5
	26 × 14 × 26
	High number of available analyte compounds, including solids and liquids

[HCHO]gas = 1–10,000 µg m−3



	PermeaterPD-1B/PD 1B-2
	Gastec (Kanagawa, Japan)
	Formaldehyde
	 [image: Chemosensors 10 00131 i006]
	25–50
	200–10,000
	13
	30 × 30 × 27
	[HCHO]gas = 6–295 µg m−3

Tube length 5 cm







a N/A: data not available.
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