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Air pollution is a current environmental and global public health issue, which requires technological developments to monitor airborne pollutants such as Volatile Organic Compounds (VOCs). These organic species are dangerous for humans even at trace levels.

In this regard, an analytical device can be advantageously coupled with a preconcentration system to improve its sensitivity. In this context, a novel preconcentrator was conceived, manufactured, and tested inside an existing portable gas chromatograph (GC). With a very limited gas sample of 20 mL, the limits of detection achieved are 0.057, 0.150, 0.368, 0.396, 0.418 ppb for benzene, toluene, ethylbenzene, m-/pxylenes and o-xylene, respectively. These values enable the system to monitor air quality even in the environments with the strictest regulation (0.6 ppb for benzene). Besides, the comparison with the literature demonstrates that the present analytical device is from two to three orders of magnitude more sensitive than the previous ones when detection limit is expressed in pg.

The repeatability and reproducibility experiments show that the measurements are reliable and stable over time, while maintaining a reasonable time resolution of 19 min which can be easily reduced to 15 min by a full automation. Moreover, the average power consumption of the system was limited to 61 W allowing the system to work autonomous and battery powered. Finally, this preconcentrator can be conveniently fabricated without the need for a cleanroom and the simplicity of the design provides an easy way to replace the adsorbent broadening the range of VOC that can be detected.

Introduction

Air pollution is a current environmental and global public health issue. Indeed, it is now recognized that indoor and outdoor air pollution is responsible for many effects on human health [START_REF] Kampa | Human health effects of air pollution[END_REF]. This evidence promotes studies on air quality and technological developments to measure atmospheric pollutants. Outdoor air pollution has been studied since the 1950s because it is visible in particular during photochemical smog formation [START_REF] Bell | A retrospective assessment of mortality from the London smog episode of 1952: the role of influenza and pollution[END_REF]. Indoor air pollution has long been ignored but has been the subject of numerous recent studies, in particular for the two last decades [START_REF] Hoek | Long-term air pollution exposure and cardio-respiratory mortality: a review[END_REF]- [START_REF] Wolkoff | Organic compounds in indoor air-their relevance for perceived indoor air quality?[END_REF].

Among the air pollutants, Volatile Organic Compound (VOCs) are of particular interest because they are the most abundant in indoor air [START_REF] Wolkoff | Organic compounds in indoor air-their relevance for perceived indoor air quality?[END_REF], [START_REF] Stone | Counting the cost of London's killer smog[END_REF]. They are precursors of photochemical smog in outdoor air [START_REF] Stone | Counting the cost of London's killer smog[END_REF] and participate in chemical reactions in indoor environments [START_REF] Liu | Serious BTEX pollution in rural area of the North China Plain during winter season[END_REF]- [START_REF] Cheng | Comparison of conventional and green building materials in respect of VOC emissions and ozone impact on secondary carbonyl emissions[END_REF]. This group of molecules is defined by the European council as compounds having a vapour pressure of 0.01 kPa or more at 293 K. VOCs includes a broad spectrum of molecules characterized by structures formed by carbon chains and, in some cases, other atoms like oxygen, sulphur, or nitrogen.

Their atmospheric degradation in both outdoor and indoor generates oxidation products in gas phase such as carbonyl compounds (aldehydes, ketones, etc.) [START_REF] Tsakas | Indoor air pollutants and the impact on human health[END_REF], [START_REF] Campagnolo | VOCs and aldehydes source identification in European office buildings-The OFFICAIR study[END_REF] or Secondary Organic Aerosols (SOA) [START_REF] Ahmed | Impact of household air pollution on human health: source identification and systematic management approach[END_REF]. VOCs include many sub-families of molecules: alkanes, alkenes, aromatic compounds, aldehydes, ketones, ethers, esters, amines, etc. [START_REF] Tsakas | Indoor air pollutants and the impact on human health[END_REF]. Their airborne concentrations usually vary from a few tens of ppt to several hundred ppb depending on the considered environment, e.g. indoors and outdoors, and the proximity of sources of pollution [START_REF] Wolkoff | Organic compounds in indoor air-their relevance for perceived indoor air quality?[END_REF], [START_REF] Tsakas | Indoor air pollutants and the impact on human health[END_REF], [START_REF] Atkinson | A review of the role of benzene metabolites and mechanisms in malignant transformation: summative evidence for a lack of research in nonmyelogenous cancer types[END_REF]. In addition, they can have direct harmful effects on health because some of them are highly toxic or even carcinogenic, even at very low doses in the ppb range. This is for example the case of benzene [START_REF] Atkinson | A review of the role of benzene metabolites and mechanisms in malignant transformation: summative evidence for a lack of research in nonmyelogenous cancer types[END_REF] or formaldehyde [START_REF] Hauptmann | Mortality from solid cancers among workers in formaldehyde industries[END_REF].

VOCs are usually quantified using optical or chromatographic techniques [START_REF] Plane | UV-Visible Differential Optical Absorption Spectroscopy (DOAS)[END_REF]. Nevertheless, VOCs analysis at these low concentrations remains an analytical challenge. Indeed, such low concentrations imply the development of extremely efficient and sensitive analytical tools to measure them in the atmospheric compartment. This difficulty can be overcome by taking an air sample over a very long period up to a full week, for example on adsorbent tubes. Alternatively, a large amount of air typically varying between several tens to several hundred liters, or even several m 3 can be collected as it is performed in the case of Semi-Volatile Organic Compounds (SVOCs) [START_REF] Vellingiri | Metal organic frameworks as sorption media for volatile and semi-volatile organic compounds at ambient conditions[END_REF]. After sampling, the organic species are then analyzed off-line in the laboratory using benchtop instruments, chemical (solvent) or thermal desorption followed by gas or liquid chromatography being the most widely used techniques [START_REF] Vellingiri | Metal organic frameworks as sorption media for volatile and semi-volatile organic compounds at ambient conditions[END_REF]. Among VOCs, BTEX, i.e., Benzene, Toluene, Ethylbenzene and Xylenes, have been studied extensively because of their relatively high airborne concentrations up to hundreds of ppb, their occurrence in air and their toxicity [START_REF] Campagnolo | VOCs and aldehydes source identification in European office buildings-The OFFICAIR study[END_REF], [START_REF] Lara-Ibeas | Sub-ppb Level Detection of BTEX Gaseous Mixtures with a Compact Prototype GC Equipped with a Preconcentration Unit[END_REF]. In 2013, a threshold value of 5 µg•m -3 (1.6 ppb) for benzene was therefore set by the European Union in public buildings. In France, this limit was decreased to 2 µg•m -3 (0.6 ppb) in 2018. Thus, many analytical tools incorporating a preconcentration device have been either developed and tested for these specific aromatic compounds [START_REF] Lara-Ibeas | Sub-ppb Level Detection of BTEX Gaseous Mixtures with a Compact Prototype GC Equipped with a Preconcentration Unit[END_REF]- [START_REF] Zampolli | Real-time monitoring of sub-ppb concentrations of aromatic volatiles with a MEMS-enabled miniaturized gas-chromatograph[END_REF].

Nevertheless, detecting such ppt concentrations in near-real time becomes challenging. Some suitable analysers are sensitive enough to quantify some VOCs families and more particularly BTEX but they are still very bulky, heavy, and require high energy consumption [START_REF] Skog | Compact, Automated, Inexpensive, and Field-Deployable Vacuum-Outlet Gas Chromatograph for Trace-Concentration Gas-Phase Organic Compounds[END_REF], [START_REF] Lee | Fully automated portable comprehensive 2-dimensional gas chromatography device[END_REF]. Therefore, their use for on-site measurements is limited. These facts evidence the need for a portable and accurate device able to monitor VOCs and BTEX concentrations in near-real time.

However, in the case of a near-real time measurements, a preconcentration system is almost essential to reach thresholds of a few tens or a few hundred ppt. Moreover, many preconcentration systems have been developed in recent years for the detection of different VOCs such as BTEX, alkanes, ketones and alcohols, as illustrated in Table 1. Most of these preconcentrators are based on microfluidic systems manufactured using MEMS-technologies [START_REF] Tzeng | A Portable Micro Gas Chromatography System for Lung Cancer Associated Volatile Organic Compound Detection[END_REF]- [START_REF] Qin | A fully electronic microfabricated gas chromatograph with complementary capacitive detectors for indoor pollutants[END_REF] which are miniaturized and have low energy consumption but still remain fragile and lack of reliable fluidic connections. In addition, the fabrication of these microfabricated devices requires the use of cleanrooms that are not always available in research facilities being often subcontracted which increases the cost and time of the manufacturing process. Recently, 3D printing or micromilling have been employed as alternative fabrication techniques for the fabrication of miniaturized components. At present, these techniques do not allow to fabricate devices as smaller as microfabrication techniques, but these devices are more robust, allow the use of standard fluidic connections and can be fabricated in any laboratory without the need for cleanroom facilities. This work follows development of a portable and battery powered BTEX analyser operating without any preconcentration step and able to detect concentrations as low as 1-2 ppb within a 10-minutes analysis [START_REF] Nasreddine | Development of a novel portable miniaturized GC for near real-time low level detection of BTEX[END_REF], [START_REF] Nasreddine | Portable novel microdevice for BTEX real-time monitoring: Assessment during a field campaign in a low consumption energy junior high school classroom[END_REF], its sensitivity being not sufficient for the standards required by the public authorities for benzene [START_REF] Union | Directive 2008/50/EC of the European Parliament and of the Council of 21 May 2008 on ambient air quality and cleaner air for Europe[END_REF], [START_REF]relatif aux valeurs-guides pour l'air intérieur pour le formaldéhyde et le benzène[END_REF]. The present work also follows the development of a previous preconcentrator prototype already published by Lara-Ibeas et al. [START_REF] Lara-Ibeas | Sub-ppb Level Detection of BTEX Gaseous Mixtures with a Compact Prototype GC Equipped with a Preconcentration Unit[END_REF]. That system was able to preconcentrate BTEX enough to reduce the limits of detection down to 0.20, 0.26, 0.49, 0.80 and 1.70 ppb for benzene, toluene, ethylbenzene, m/pxylenes and o-xylene, respectively. However, the system had important energy consumption limitations since it required 210 W of power supply in the heating step. This characteristic is incompatible with a system that needs to be battery-power and stand-alone.

To tackle this issue, the present work aimed to conceive, manufacture, and validate a robust novel preconcentration unit enhancing the sensitivity and combining low energy consumption, fast heating, and rapid cooling while being fabricated by a simple process not requiring specific facilities. The analytical performances of this novel preconcentrator were evaluated under controlled laboratory conditions by testing different concentrations (5-50 ppb) and sample volumes (5-50 mL). Repeatability and reproducibility were also evaluated.

Materials and methods

The existing portable gas chromatograph (GC)

The portable gas chromatograph (GC) employed in this study was codeveloped by the Institute of Chemistry and Processes for Energy, Environment and Health (ICPEES, Strasbourg, France) and In'Air Solutions (µBTEX-1, In'Air Solutions, France). It operates in three steps: sampling, separation and detection [START_REF] Nasreddine | Development of a novel portable miniaturized GC for near real-time low level detection of BTEX[END_REF]. Sampling is performed by means of a SP 570 EC-BL micropump (Schwarzer Precision, Germany) connected to an EL-FLOW flow controller (Bronkhorst, Ruurlo, Netherlands). Air samples are pumped and introduced in a PEEK (Polyether ether ketone) 200 µL sampling loop (Interchim, France) connected to a solenoid 6-port valve (MTV-6LL-N32UF-1, Takasago, Japan). Once the sampling loop is filled, the 6-port valve switched for 20 s, and the sample is injected into the chromatography column. Separation step is carried out using a commercial 20-m long capillary column (internal diameter (ID) 0.18 mm, RXi-624 stationary phase, 1 µm film thickness, Restek, Bellefonte, PA, USA) with nitrogen as a carrier gas. Polydimethylsiloxane (PDMS) is a non-polar stationary phase typically employed for BTEX separation. It provides high resolution but since the interaction of PDMS with aromatic compounds is relatively strong, separation times are long. In environmental monitoring, a balance between short analysis time and reasonable resolution is required, therefore, the column used is slightly more polar (Rxi-624Sil MS). Detection is conducted employing an eVx Blue mini photoionization detector (PID) (Baseline MOCON, Lyons, CO, USA) equipped with a 10.6 eV ultra-violet lamp. This GC prototype is controlled by an integrated computer using a specific GUI (Graphical User Interface) codeveloped by In'Air Solutions and ICPEES.

In a previous study [START_REF] Guglielmino | On-line gaseous formaldehyde detection by a microfluidic analytical method based on simultaneous uptake and derivatization in a temperature controlled annular flow[END_REF], a nitrogen flow rate of 2.5 mL min -1 and a constant temperature of 80 °C were selected as the optimal conditions for BTEX separation. Using these conditions, BTEX analysis was performed in 10 min and detection limits between 1-3 ppb were found for the different species. Analytical performances of this device were validated under controlled laboratory conditions [START_REF] Guglielmino | On-line gaseous formaldehyde detection by a microfluidic analytical method based on simultaneous uptake and derivatization in a temperature controlled annular flow[END_REF] and in real environments [START_REF] Nasreddine | Portable novel microdevice for BTEX real-time monitoring: Assessment during a field campaign in a low consumption energy junior high school classroom[END_REF], [START_REF] Lara-Ibeas | BTEX near real-time monitoring in two primary schools in La Rochelle, France[END_REF].

The novel preconcentration unit

As mentioned above, a preconcentration device operates in several stages: 1) adsorption of gaseous molecules at room temperature; 2) desorption of the molecules at a higher temperature and their injection into the GC column for separation and 3) cooling down to room temperature before the next sampling and analysis.

The Figure 1 displays the preconcentration unit developed in this work including housing and connections. This preconcentrator was manufactured in our research lab using micromachining techniques. An aluminum board of 30 × 15 × 5 mm was machined into the device shown in Figure 1a. In this piece, the lateral tubes had an outer diameter of 1/8' inch and an inner diameter of 1/16' inch. The dimensions of the central rectangular part were 14 mm long, 12 mm wide and 3.2 mm tall. These cylindrical parts were polished to fit very tight inside the gas connectors as shown in Figure 1b. This device was fabricated using traditional milling techniques that imply the use of cutting oils to cool and lubricate the material during the machining process. Therefore, once the device fabricated, it was washed several times with acetone in an ultrasounds bath for 2 h and then rinsed with deionised water. Afterwards, it was heated to 200 °C under a 20 NmL min - 1 nitrogen flow for 1h.

Two homemade PEEK reducing unions were inserted in each side of the preconcentrator. These 1/8'-1/16' PEEK connectors were manufactured according to the dimensions of the equivalent connectors in stainless steel provided by Swagelok (Villebon-sur-Yvette, France) and fulfilled two main functions. On the one hand, they had a standard connection of 1/16´ inch which allowed the system to be easily integrated into the BTEX analyser. One the other hand, these polymer connectors isolated the metallic part of the preconcentrator avoiding heat losses and allowing the system to achieve 200ºC in 24 seconds by providing a limited energy, i.e., 24 V and an initial nominal current of 3 A. Note that the current decreased while the temperature increased.

The temperature increase was generated with two ceramic resistances of 7 ohms (Ceramic heating XH-RJ101012, Plexishop, Italy). Its dimensions were 10 × 10 × 1 mm which fitted almost completely the surface of the rectangular aluminum block. These ceramic resistances were pressed towards the preconcentrator using two 3 × 16 mm plain stainless-steel screws, one at each side, to assure the contact between the resistance and the rectangular aluminum block. A thermocouple was inserted in a small hole located in the central part of micropreconcentrator close to the adsorbent bed, in order to accurately monitor the temperature.

A housing consisting of 6 pieces was assembled around the preconcentrator as shown in Figures 1c and1d. Initially, the assembly had to be done carefully to place the ceramics in the middle of the flat parts of the aluminum block while ensuring good contact to obtain optimal thermal conduction. To facilitate this assembly, the two resistances were glued to the aluminium preconcentrator before the assembly using a tiny amount of liquid glue. Once the resistances were fixed, the preconcentrator was easily installed inside the housing and the two screws were slightly screwed to hold the heating ceramics on place while minimizing the mechanical stress. In this configuration, this housing kept the preconcentrator in the centre and avoided its contact with other parts except for the screws. Each lateral part of the housing had a square cavity to host a small fan. These fans were used to quickly cool down the system once the desorption step was finished. Thermal paste was tested but it did not provide any visible improvement in terms of heating rate, tending to prove that the contact between the aluminum block and the two ceramic resistances was optimal in our conditions. Therefore, all the results presented below were obtained without the use of thermal paste.

Before its use, the preconcentration unit was filled with 5 mg of Carbopack B (SUPELCO, Bellefonte, PA, USA). The adsorbent was manually packed inside the cylindrical cavity of the aluminum block and held between two glass wool plugs (Sigma Aldrich, France). Afterwards, it was conditioned at 220 °C under a nitrogen flow of 20 NmL min -1 overnight to remove all the volatile impurities. When the resistances are heated up for the first time the glue is evaporated and degraded leaving only a tiny spot of solid, so small that it does not have any significant impact on the heat transfer efficiency. Note that the device does not need to be disassembled once it is manufactured except for maintenance to replace adsorbent or the aluminum block itself filled with a new adsorbent.

The production cost of this preconcentrator was then estimated from the production of a series of 100 units. The combined price glass wool and 5-6 mg of adsorbent was found to be close to one euro per unit. The total subcontracting cost of the production of mechanical parts, i.e., the aluminum board, the two PEEK gas connectors, and the housing, was evaluated at 80-100 euros per preconcentrator unit. The price of two heating resistances, two small fans and two adequate temperature sensors were estimated to be around 40-50 euros per preconcentrator unit, the overall production cost being of the order of 120-150 euros for one preconcentration unit.

Preconcentrator integration into the GC

The preconcentration unit was placed inside the 3D printed housing and connected to the solenoid 6-ports valve of the existing portable gas chromatograph by means of short 1/16' inch tubing, replacing the 200µL sampling loop, as displayed in Figure 2. These tubes had an inner diameter of 250 µm to minimize the dead volumes (see Figure 2b).

The experimental conditions used for GC analysis are summarized in Table 2. The sampling flow rate was set to 5 NmL min -1 for a duration ranging between 1 and 10 min, allowing to obtain a final sampling volume of 5-50 mL. Once the gas pollutants adsorbed into the preconcentrator at room temperature (22 ± 3°C), the 6-port valve was switched to injection mode for 75 s and simultaneously the preconcentrator was heated up to the desorption temperature, i.e., 330 °C while the carrier gas flushed the preconcentrator at 2.5 NmL min - 1 to inject the mixture into the same chromatographic column (20 m, 0.18 mm, 1 µm, Rxi-624Sil MS) used by Nasreddine et al. (2015) [START_REF] Nasreddine | Development of a novel portable miniaturized GC for near real-time low level detection of BTEX[END_REF], [START_REF] Nasreddine | Portable novel microdevice for BTEX real-time monitoring: Assessment during a field campaign in a low consumption energy junior high school classroom[END_REF] and Lara-Ibeas et al. (2019) [START_REF] Lara-Ibeas | Sub-ppb Level Detection of BTEX Gaseous Mixtures with a Compact Prototype GC Equipped with a Preconcentration Unit[END_REF] for separation. The pressure at the top of the column was maintained at 4.2 bars.

Experimental Setup for BTEX Generation

Different BTEX concentrations were generated using the experimental device shown in Figure 3. A standard mixture of BTEX purchased from Messer (Folschviller, France) was diluted with nitrogen (99.999% purity) using mass flow controllers 1 and 2 (Bronkhorst, Ruurlo, Netherlands). The initial concentration of every compound was equal to 100 ppb with a 10% uncertainty. This setup allows generating different concentrations in the range 2-100 ppb. Mass flow controller 3 was used to select the sampling flow rate which was set to 5 NmL min -1 for all the experiments.

Results

Heating and cooling

Experiments were conducted by applying a nominal voltage of 28 V and an initial nominal current of 3.00 A for both resistances connected in parallel. The average power consumption over the 70 seconds of heating was 61 W, decreasing down from 84 W at the beginning of the experiment to 53 W at its end due to the thermal resistance variability. The thermal behaviour of the preconcentrator was experimentally observed by inserting a Type K Thermocouple (RS PRO, Corby, UK) inside the aluminum board close to the adsorbent bed. Several cycles of heating and cooling simulating the adsorption/desorption cycles were performed using two standard screws to maintain the heating resistances, the results being similar in all the cycles. A typical temperature behaviour is presented in Figure 4a. In this figure the red dashed line represents the end of the heating step while the blue dashed line represents the beginning of the forcedconvection cooling with the fans. As it can be observed, 200°C were reached in 20 s which appeared sufficient for the full BTEX desorption as observed by [START_REF] Liaud | Experimental performances study of a transportable GC-PID and two thermo-desorption based methods coupled to FID and MS detection to assess BTEX exposure at sub-ppb level in air[END_REF] [START_REF] Liaud | Experimental performances study of a transportable GC-PID and two thermo-desorption based methods coupled to FID and MS detection to assess BTEX exposure at sub-ppb level in air[END_REF] when these authors used an Automatic Thermal Desorber (PerkinElmer, ATD350, France). From 200°C, temperature linearly goes up and reaches 330°C in 68 s. These latter conditions were chosen to perform the BTEX analysis experiments detailed below to limit as much as possible the non-desorbed BTEX residues. Note that the absence of automation for the desorption and injection stage did not allow very sophisticated heating ramp as for example to maintain the temperature at 220-250°C for a given duration. In these conditions, a temperature equal or higher to 200°C inside the adsorbent bed was maintained for about 55 s during the injection mode corresponding to the time-period from 0 to 75 s. Once the fans switched on, the cooling down to the room temperature, i.e. 20-25 °C, was achieved in approximately 2 min (see Figure 4a). Note that in absence of forced-convection cooling, the temperature decreases slowly down to the room temperature in 15 minutes as illustrated in Figure 4b.

The commercial BTEX analyser runs with a battery having a capacity of 94 W/h, permitting to operate for 4 hours in normal conditions, i.e. 16 consecutive analysis of 15 min. The integration of this novel preconcentration unit will lead to an additional theoretical power consumption of 4.74 W/h (61 × 4 × 70 / 3600) for four analysis per hour. The additional power consumption related to the preconcentration unit is thus estimated to 19.0 W for 4 hours, which corresponds to about 20% of the full battery energy. In other words, the integration of the novel preconcentrator would reduce autonomy by 20%, i.e. 192 min instead of 240 min. This would permit to perform 12 consecutive chromatographic gas analysis.

BTEX analysis

The preconcentrator was tested through a structured sequence of experiments. These experiments aimed to determine the reproducibility, repeatability, and correlation between the amount of BTEX injected and the PID signal detected.

GC calibration as a function of gaseous concentrations

Calibration of the BTEX analyser integrating the novel microprecontrator was conducted by injecting a series of 20 mL samples of different concentrations ranging from 2 to 50 ppb in triplicate. A chromatogram of a 20 ppb BTEX sample of 50 mL is displayed in Figure 5. As observed, BTEX peaks are well-defined and much less peak broadening is observed compared with the previous preconcentrator version detailed by Lara-Ibeas et al. (2019). Longer analysis time due to a lower oven temperature (45°C instead of 70°C) was necessary to obtain a satisfactory chromatographic separation. The improvement in terms of peak shape is due to the faster temperature ramp inside the microprecontrator that allows the desorption of analytes in less time, thus producing a narrower peak compared to the previous version developed by Lara-Ibeas et al. (2019). The mean peak areas of the analysed samples were plotted against the injected concentration and the resulting calibration curves are shown in Figure 6 where the quoted errors correspond to the standard deviation. The peak areas increase linearly with the injected concentration for all the compounds. Determination coefficients R 2 are higher than 0.99 for all compounds as shown in Table 3.

As expected, calibration slopes decrease with the volatility of the compound, being considerably steeper for the most volatile compounds, i.e. benzene and toluene. Between injections, a cleaning step consisting of rising the temperature from 250 to 350 °C five times was performed to ensure the complete desorption of BTEX before the next analysis (more details on the residuals analysis are given below in the "GC calibration as a function of sample volume" section). It should be noted that this was done manually but could be automated and driven by the software in the future, when this preconcentrator will be integrated into the commercial device.

Detection and quantification limits of the GC system were calculated from a signal-to-noise ratio of 3 and 10, respectively, from the lowest injected concentration, i.e. 2 ppb. Detection limits are in the hundreds of ppt order or even less for benzene with only 20 mL of sample for all compounds whereas quantification limits exceeded the ppb in the case of ethylbenzene and xylenes (see Table 3). It is important to note that this extraordinary sensitivity meets the requirements of the indoor air quality French legislation fixing a benzene threshold value of 0.6 ppb in public buildings.

GC calibration as a function of sample volume

As increasing the sampling volume can improve the sensitivity of the instrument, it is important to study this parameter. GC linearity was also evaluated when varying the injected sample volume from 5 to 50 mL for a fixed gaseous BTEX concentration of 20 ppb. All these samples were injected in duplicates. Mean peak areas obtained are plotted versus the sample volume as illustrated in Figure 7 where the quoted errors correspond to the standard deviation. Peak area increases linearly with the sample volume for all species, as highlighted by the calculated determination coefficients R 2 ≥ 0.99 (see Table 4).

During the series of experiments where sample volume was varied, the carryover inside the preconcentrator adsorbent was evaluated after each analysis by performing a blank right after desorption. Similar carryover percentage was observed after the injection of different sample volumes, indicating that the residuals were proportional to the injected BTEX amount. These average percentages were found to be 1.6, 2.6, 9.2, 7.1 and 6.8 % for benzene, toluene, ethylbenzene, m/p-xylenes and o-xylene, respectively, being higher for the less volatile compounds since, logically, they need higher temperature to be fully desorbed. Again, this issue could be strongly improved by increasing the desorption time with a precise control of the target desorption temperature related to a fully automatic process.

Repeatability and reproducibility

As any analytical device, repeatability and reproducibility of the GC should be evaluated to ensure reliable results in the long term. To assess repeatability, seven 20 mL samples containing 20 ppb of BTEX were consecutively analysed in the same day using the same experimental conditions (desorption temperature = 330 °C, injection time = 75 s). Between two consecutive samples, a cleaning step was conducted as already mentioned above. Peak areas and retention time obtained are presented in Figures 8a and8b, respectively. Moderate variability was observed in peak areas of different samples whereas the variation in the retention time of different samples was almost negligible. Relative standard deviation (% RSD) of peak area was calculated to be 4.9, 3.7, 4.3, 8.0 and 5.6 % for benzene, toluene, ethylbenzene, m/pxylenes and o-xylene, respectively. These values below 10 % for all the compounds demonstrate that the analyses performed with the BTEX analyser integrating the micropreconcentrator were repeatable even in manual injection mode. The corresponding % RSD was also calculated for the obtained retention times, being equal to 0.1 % for all the analytes. Due to the possible inadequate isolation of the GC oven, retention times can shift in portable GC; however, this parameter appears to be very stable in our instrument. In this BTEX analyser integrating the micropreconcentrator, both sample injection and data acquisition were automatized; therefore, although the sampling time was manually controlled, the obtained results were very satisfactory and the repeatability of the measurements in terms of peak area and retention time was considerably improved compared to the previous preconcentrator version (Lara-Ibeas et al., 2019) [START_REF] Lara-Ibeas | Sub-ppb Level Detection of BTEX Gaseous Mixtures with a Compact Prototype GC Equipped with a Preconcentration Unit[END_REF].

Reproducibility was also evaluated according to the following method: three 20 mL samples containing 20 ppb of BTEX were consecutively analysed over three different days. Figures 9a and9b displayed the results obtained for the peak areas and the retention time of each sample, respectively. Peak areas obtained in three different days were comparable and % RSD was calculated to be 3.2, 10.1, 21.8, 13.8, 13.9 % for benzene, toluene, ethylbenzene, m/pxylenes and o-xylene, respectively. The variation obtained in this case was obviously higher than the one obtained for the analysis performed in a single day; however, all the RSD, except the ethylbenzene one, were less than 15 %. Slightly higher RSD were also observed for the retention time compared to the repeatability experiments, being 1.0, 0.7, 0.5, 0.5 and 0.4 % for benzene, toluene, ethylbenzene, m/pxylenes and o-xylene, respectively. Despite this small increase, the variation observed in the retention times was relatively minimal and the values can be considered as highly reproducible over time.

The results obtained in the repeatability and reproducibility tests highlight the stability of the measurements conducted with this prototype over time, even with relatively low BTEX concentrations of 20 ppb and despite the use of manual injection mode.

Comparison with the existing instruments

In the last years, great efforts have been made to develop real-time sensitive miniaturized gas chromatographs for a broad spectrum of applications. Most of them include a preconcentration device enabling to achieve very low detection limits. These devices differ in their features (dimensions, manufacturing materials, used adsorbents, power consumption, etc.) and their analytical performances. However, a simple and direct comparison between them in terms of preconcentration performance is not possible since these results depends on other elements such as the type of detector. Therefore, a comparison between the miniaturized GC existing in the literature with a special focus on preconcentrator features is presented in this section.

Table 1 summarizes the most significant miniaturized GC with integrated preconcentrator (PC) developed for VOC quantification in the last decade. All devices presented are highly portable (weight < 5 kg) and have relatively small dimensions, which makes them suitable for on-site measurements. As can be observed, PID is the most commonly employed detector for VOC quantification in µGC. Indeed, this detector is easy to integrate in the GC system and is more selective and sensitive than metal oxide and chemical sensors. However, these sensors are generally less expensive than PID and enable to detect a larger screening of organic species. These miniaturized GC were conceived for a wide variety of applications requiring very sensitive instruments such as environmental monitoring [START_REF] Zampolli | Real-time monitoring of sub-ppb concentrations of aromatic volatiles with a MEMS-enabled miniaturized gas-chromatograph[END_REF], [START_REF] Wang | Compact prototype microfabricated gas chromatographic analyzer for autonomous determinations of VOC mixtures at typical workplace concentrations[END_REF], early cancer diagnosis [START_REF] Tzeng | A Portable Micro Gas Chromatography System for Lung Cancer Associated Volatile Organic Compound Detection[END_REF], [START_REF] Gregis | Detection and quantification of lung cancer biomarkers by a micro-analytical device using a single metal oxide-based gas sensor[END_REF] or food quality control [START_REF] Zaidi | Design of Novel Ceramic Preconcentrator and Integration in Gas Chromatographic System for Detection of Ethylene Gas from Ripening Bananas[END_REF]. Therefore, all GC systems include a preconcentrator that improves the detector sensitivity to tens or hundreds of ppb in the case of sensors and, to ppb or even hundreds of ppt in the case of PID detectors. These preconcentrators are very different from one another. After the fabrication of the first microsystem including a micromachined preconcentrator in 1999 [START_REF] Casalnuovo | Gas phase chemical detection with an integrated chemical analysis system[END_REF], great efforts were addressed to develop MEMS-based preconcentrators devices. MEMS technology offered indeed the possibility to create miniaturized devices exhibiting great performance with very low power consumption. Therefore, in the last decades, most of these preconcentrators were made from silicon and glass [START_REF] Zampolli | Real-time monitoring of sub-ppb concentrations of aromatic volatiles with a MEMS-enabled miniaturized gas-chromatograph[END_REF], [START_REF] Wang | Belt-Mounted Micro-Gas-Chromatograph Prototype for Determining Personal Exposures to Volatile-Organic-Compound Mixture Components[END_REF], [START_REF] Garg | Zebra GC: A mini gas chromatography system for trace-level determination of hazardous air pollutants[END_REF], materials typically used in electronics. However, there are several drawbacks associated with the use of MEMS-based devices. For example, the materials usually employed are fragile and expensive and there are almost not commercially available fluidic and/or electrical connections, leading frequently to leakage problems. In addition, the fabrication process needs suitable facilities (cleanroom) and high level of expertise that results very often in an expensive and time-consuming process. Lately, new fabrication technologies have been developed and those already existing have been improved to reduce the fabrication costs. Laser etching technology, milling or metal 3D printing techniques provide the possibility to use more robust materials such as copper [START_REF] Han | Micro-fabricated packed metal gas preconcentrator for enhanced monitoring of ultralow concentration of isoprene[END_REF], stainless steel [START_REF] Skog | Compact, Automated, Inexpensive, and Field-Deployable Vacuum-Outlet Gas Chromatograph for Trace-Concentration Gas-Phase Organic Compounds[END_REF] or aluminium (this work). Furthermore, standard fluidic connections can be usually integrated since these materials can be micromachined with traditional techniques and their dimensions are generally larger than the MEMS-based counterparts, ensuring better gas tightness. However, these dimensions involve higher thermal mass, leading to high power requirements and slow temperature ramps compared to MEMS-based PC. As illustrated in Table 1, power consumption in MEMS PC varies between 1 and 16 W whereas in metal PC it ranges from 10 to 70 W, except MAP (210 W) that was the first PC developed by our team. Despite the considerable difference of energy consumption required, the consumption of metal PC is still compatible with their integration in battery-powered devices. Nevertheless, the autonomy will be significantly reduced. In this regard, MEMS-based PC are preferred in applications where great autonomy is required. Due to the greater thermal mass, heating rates in metal PC (0.25 -5.5 °C/s) are very low compared to MEMS-based PC (25 -314 °C/s), while a fast temperature ramp is preferred to generate sharp chromatographic peaks. However, in this study, it was demonstrated that well-defined peaks could be achieved with a heating rate of 5.5 °C/s.

Considering the LOD achieved with these miniaturized GC, it appears that this feature depends more on the type of detector itself than on the preconcentration unit employed, since the instruments having PID detectors are much more sensitive.

Until the present work, only three instruments had LOD in the ppt range. Zampolli et al. [START_REF] Zampolli | Real-time monitoring of sub-ppb concentrations of aromatic volatiles with a MEMS-enabled miniaturized gas-chromatograph[END_REF] proposed a miniaturized GC-PID with a PC filled of an innovative quinoxaline-based adsorbent. LOD down to 0.1 ppb for benzene was reached; however, 55 min of sampling were needed to collect the 2 750 mL required to achieve such a sensitivity. This very long sampling time prevents to establish concentration time profiles that can help to determine occupational exposure or identify pollutant sources [START_REF] Lara-Ibeas | BTEX near real-time monitoring in two primary schools in La Rochelle, France[END_REF]. Shorter sampling time of 20 min was employed by Skog et al. [START_REF] Skog | Compact, Automated, Inexpensive, and Field-Deployable Vacuum-Outlet Gas Chromatograph for Trace-Concentration Gas-Phase Organic Compounds[END_REF] to collect a sample of 4 L and achieve LOD from 2 to 11 ppt for BTEX. Sun et al. [START_REF] Sun | Compact prototype GC-PID system integrated with micro PC and micro GC column[END_REF] reported LOD below 1 ppb with a sampling time of only 1 min but the sample volume employed was not mentioned. Since LOD strongly depends on the sample volume, the sensitivity of each system was calculated for the lowest detectable mass of analyte for better comparison. Indeed, it is not necessarily relevant to reason in terms of sensitivity because, as we have shown, the areas of the chromatographic peaks increase linearly when the volume of the sample increases, indicating that this volume can be easily modulated. A relatively small sample volume will provide better temporal resolution while a large volume will provide a lower LOD. To calculate sensitivity, the lowest LOD achieved for each method was multiplied by the sample volume. For example, in our case, benzene LOD (0.18 µg m -3 at P = 1 atm and T = 25 °C) was multiplied by the sample volume (2⨯10 -5 m 3 ), giving a sensitivity of 3.6 pg.

To our knowledge, the analytical system developed in this work showed the highest sensitivity reported to date for BTEX analysis exhibited by a portable GC as highlighted in Table 1. This instrument achieved LOD from 0.06 to 0.4 ppb (0.18 -1.82 µg m -3 at P = 1 atm and T = 25 °C) using a sample volume of only 20 mL (2⨯10 -5 m3). It means that the lowest detectable amount with this compact GC was 3.6, 11.3, 32.0, 34.4 and 36.3 pg for benzene, toluene, ethylbenzene, m/p-xylenes and o-xylene, respectively.

The portable GC developed by Zampolli et al. [START_REF] Zampolli | Real-time monitoring of sub-ppb concentrations of aromatic volatiles with a MEMS-enabled miniaturized gas-chromatograph[END_REF] had a low benzene LOD of 0.1 ppb (0.32 µg m -3 at P = 1 atm and T = 25 °C) but it required a large sample volume of 2 750 mL (2.75⨯10 -3 m 3 ) resulting in a sensitivity 878.5 pg for this compound. A lower detection limit was found with the compact GC developed by Skog et al. [START_REF] Skog | Compact, Automated, Inexpensive, and Field-Deployable Vacuum-Outlet Gas Chromatograph for Trace-Concentration Gas-Phase Organic Compounds[END_REF] where a benzene LOD of 0.01 ppb (0.03 µg m -3 at P = 1 atm and T = 25 °C) was achieved with a 4 L (4⨯10 -3 m 3 ) sample giving a sensitivity of 140.6 pg. Therefore, the sensitivity obtained with the portable GC coupled to the preconcentration unit developed in this work differed by 2 -3 orders of magnitude from most of the values reported in the literature, even those reporting very low detection limits [START_REF] Zampolli | Real-time monitoring of sub-ppb concentrations of aromatic volatiles with a MEMS-enabled miniaturized gas-chromatograph[END_REF], [START_REF] Skog | Compact, Automated, Inexpensive, and Field-Deployable Vacuum-Outlet Gas Chromatograph for Trace-Concentration Gas-Phase Organic Compounds[END_REF]. For the analysis of BTEX, only the first preconcentrator version (MAP) developed in our previous work yielded similar results with the same sample volume of 20 mL [START_REF] Lara-Ibeas | BTEX near real-time monitoring in two primary schools in La Rochelle, France[END_REF]. Despite of the outstanding benzene sensitivity of 6.4 pg achieved with MAP, this new version has improved this feature by a ratio of 1.8. Han et al. [START_REF] Han | Micro-fabricated packed metal gas preconcentrator for enhanced monitoring of ultralow concentration of isoprene[END_REF] reported a sensitivity comparable for the analysis of isoprene. However, this sensitivity does not correspond to a portable GC since the developed preconcentrator in this case was connected to a benchtop GC-FID. These results suggest that the performance achieved by our prototype in terms of sensitivity is close to those typically exhibited by benchtop instruments.

Another crucial aspect of analytical performance is the stability of the measurements. Among the studies presented in Table 1, repeatability was only evaluated for 10 instruments. Despite the importance of repeatability, in some cases this parameter was characterized only graphically by showing the peak shape of triplicates [START_REF] Zaidi | Design of Novel Ceramic Preconcentrator and Integration in Gas Chromatographic System for Detection of Ethylene Gas from Ripening Bananas[END_REF], [START_REF] Han | Micro-fabricated packed metal gas preconcentrator for enhanced monitoring of ultralow concentration of isoprene[END_REF], which is not useful for comparison purposes. In other studies, repeatability was characterized in terms of % RSD, but the different experimental conditions employed, such as sample concentration and number of replicates, make difficult an objective comparison. Sun et al. [START_REF] Sun | Compact prototype GC-PID system integrated with micro PC and micro GC column[END_REF] evaluate the repeatability by consecutively analysing 8 benzene samples at a high concentration of 1 ppm. They found a very low % RSD of 0.42 % for the peak area. However, this high repeatability may decrease when stability is evaluated in more realistic conditions such as low ppb concentrations. Garg et al. [START_REF] Garg | Zebra GC: A mini gas chromatography system for trace-level determination of hazardous air pollutants[END_REF] evaluated the repeatability of the Zebra GC using 10 mL samples of a 5 VOC mixture at 100 ppb (1 -3.2 ng). The peak areas and retention times showed average % RSD for all analytes less than 1.3 and 4.7 %, respectively, demonstrating the high stability of this compact GC-TCD. Skog et al. [START_REF] Skog | Compact, Automated, Inexpensive, and Field-Deployable Vacuum-Outlet Gas Chromatograph for Trace-Concentration Gas-Phase Organic Compounds[END_REF] found % RSD between 9 and 30 % for peak areas of BTEX. These high % RSD can be explained by the very low concentrations employed in these experiments, in the order of pg. Wang et al. [START_REF] Zampolli | Real-time monitoring of sub-ppb concentrations of aromatic volatiles with a MEMS-enabled miniaturized gas-chromatograph[END_REF], [START_REF] Skog | Compact, Automated, Inexpensive, and Field-Deployable Vacuum-Outlet Gas Chromatograph for Trace-Concentration Gas-Phase Organic Compounds[END_REF] reported also an outstanding stability for the belt-mounted GC for samples up to 9 µg of a 9 VOC mixture. Peak area and retention time stability were assessed in short-term (i.e., 30 min), intraday (i.e., 8 h) for samples collected from the same test atmosphere. % RSD values lower than 2.5 and 5.0 % were found, respectively. Additionally, reproducibility was also evaluated in samples analysed in five different days and % RSD of 7.7 % was reported. It is worthy to mention that no more results of reproducibility tests were found in the literature. In this context, our system seems to have a comparable repeatability in terms of peak area (< 10 %) and very satisfactory in terms of retention time (< 0.1 %) compared to those reported in the literature.

Finally, our compact GC integrating a novel PC exhibited an excellent sensitivity as well as very satisfactory stability of the measurements. In addition, an analysis cycle is performed in a reasonable time of 19 min, enabling to establish accurate concentration time profiles. In the future, this time can be reduced once it will be fully automatized, the next sampling being collected during the analysis step of the current analysis cycle. This automatization will reduce the time between two analysis to only 15 min which will permit to obtain four measurements per hour.

Conclusion

A novel preconcentration unit was conceived, manufactured, integrated in an existing portable GC and tested under controlled conditions, demonstrating compliance with the requirements for being a fully functional device.

Considering an air sample of only 20 mL, the quantification limit of the whole device including the preconcentration unit was 0.191 ppb (12 pg) for benzene. This LOQ is lower than the very strict threshold value established for benzene in the recent French legislation concerning indoor air quality (0.6 ppb). Moreover, this sensitivity could be easily improved by increasing the sample volume considered, the benzene LOQ becoming 0.076 ppb with 50 mL of sample, requiring 10 min sampling at 5 NmL min -1 .

The addition of a preconcentration step in GC system did not substantially increase the total analysis time, enabling BTEX monitoring in near real-time. While in the case of consecutive analyses, the next air sample can be collected during the separation and analysis of the previous sample. Concerning the energy consumption, the additional power consumption of ~61 W needed for a very short duration estimated to 20 s (time needed to reach the desorption temperature) associated to the preconcentration step is compatible with a portable analytical system.

Following the promising results obtained in this work, further developments are in progress to reduce the heat losses by replacing the screws used in this work by ones with sharp end, wood screws (RS 144-3524, RS, France) or by integrating an insulating and protective material between the ceramic resistances and the metallic screws. The use of two screws with a sharp end limits the heat transfer and, therefore, the heat losses. In this case, a lower nominal voltage of 24 V more compatible with that supplied by standard batteries, instead of 28 V, would permit to decrease the average power consumption of 44 W over the 70 seconds period of the desorption step (preconcentrator heating) as supported by Figure SI.1. The autonomy of the BTEX analyser will be weakly impacted by this change, i.e., 204 nm instead of 192 min, the temperature increase up to 250°C during the desorption step is similar for both voltages (see Figure SI.1). In addition, software developments are also underway to automate the device, which will improve repeatability and reproducibility. This software combined with an electronic temperature controller will permit to regulate precisely the desorption temperature, as illustrated in figure SI.1. The red-dashed line represents the predicted thermal behavior of the preconcentrator using 24 V and 3 A once the system will be automated.

Unlike other portable GC found in the literature, the prototype developed in this work was evaluated in terms of both repeatability and reproducibility. The relatively low % RSD < 10 % and < 15 % obtained in these two tests indicates that measurements conducted were stable over time. The stability of the measurements altogether with the extraordinary sensitivity and an acceptable analysis time make this GC prototype equipped with a novel preconcentrator, a good candidate for air quality monitoring applications. However, this instrument should further be tested in real conditions to evaluate the possible influence of interfering compounds and other issues derived from the use in real environments. Other adsorbents could be used and tested in the near future in order to decrease the desorption temperature needed and consequently the energy consumption.

Finally, this preconcentration device can be coupled with other GC systems or optical detection devices and be used for other applications requiring high sensitivity, such as warfare agents and explosives detection or early cancer diagnosis. For chromatography systems, this can be simply done by replacing the PID detector which is fairly specific to aromatic compounds with a more universal detector such as a Thermal Conductivity Detector (TCD), Flame Ionization Detector (FID), a Metal Oxide Semiconductor (MOS), etc.
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