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• The time resolution used for monitoring does not affect the weekly average concentrations but has an impact on the minimum and maximum values. • A time step of 10 min accurately describes the time variations of formaldehyde concentration indoors. • Real-time monitoring permits to determine the formaldehyde levels corresponding to the real occupant's exposure time unlike passive sampling. • Opening the windows as soon as the CO2 exceeds the thresholds reduces the exposure to formaldehyde by one third.

Introduction

Indoor air pollution is currently considered one of the world's largest environmental issues due to the harmful effects of airborne pollutants on human health, including heart disease, pneumonia, stroke, diabetes and lung cancer [START_REF] Ritchie | Indoor Air Pollution. Our World Data[END_REF]. Children are among the most vulnerable populations due to their higher inhalation rates, the continuing development of their tissues and organs, their immature immune system, and the longer periods they spend indoors [START_REF] Mendell | Do indoor pollutants and thermal conditions in schools influence student performance? A critical review of the literature[END_REF]. As children spend a considerable amount of time in school which is estimated to be around 30% [START_REF] Daisey | Indoor air quality, ventilation and health symptoms in schools: an analysis of existing information[END_REF], the Indoor Air Quality (IAQ) in these education places is particularly relevant.

In indoor environments, occupants are exposed to a large variety of inorganic compounds (NO2, CO2 etc.), Volatile Organic Compounds (VOCs), Semi-Volatile Organic Compounds (SVOCs), Particulate Matter (PM10, PM2.5, etc.) and even biologic agents (allergens, bacteria, fungi, etc.). Among the VOCs, formaldehyde is of particular interest due to its health effects, its high concentrations, and its high occurrence close to 100% in indoor air [START_REF] Marchand | Aldehyde measurements in indoor environments in Strasbourg (France)[END_REF][START_REF] Salthammer | Formaldehyde in the Indoor Environment[END_REF]). Among the indoor air contaminants, formaldehyde has been found to be one of the most abundant VOC in school indoor air [START_REF] Trocquet | Near Real-Time Monitoring of Formaldehyde in a Low-Energy School Building[END_REF][START_REF] Verriele | The MERMAID study: indoor and outdoor average pollutant concentrations in 10 low-energy school buildings in France[END_REF]. Low formaldehyde concentrations, typically below 50 ppb (61 µg m -3 ) were unlikely to cause acute irritant symptoms, but possibly increased risks for allergen sensitivities, chronic irritation, and cancer [START_REF] Daisey | Indoor air quality, ventilation and health symptoms in schools: an analysis of existing information[END_REF]. Consequently, the French government has established guidelines for formaldehyde in indoor air where an annual average threshold level is fixed to 30 µg m -3 in public buildings (Decree n° 2011-1727 2011; [START_REF] Verriele | The MERMAID study: indoor and outdoor average pollutant concentrations in 10 low-energy school buildings in France[END_REF]) and a maximum value of 50 µg m -3 over 2 hours has been recommended (ANSES 2012) whereas the World Health Organization (WHO) established a limit of 100 µg m -3 for all 30-min periods at lifelong exposure [START_REF] Nielsen | Re-evaluation of the WHO (2010) formaldehyde indoor air quality guideline for cancer risk assessment[END_REF]. If the annual average can be easily monitored by passive methods, the acute exposures require faster and accurate analytical methods.

Numerous studies have been carried out to monitor the indoor levels of Volatile Organic Compounds (VOCs) in schools all over the world [START_REF] Godwin | Indoor air quality in Michigan schools[END_REF][START_REF] Pegas | Outdoor/indoor air quality in primary schools in Lisbon: a preliminary study[END_REF][START_REF] Godoi | Healthy environment--indoor air quality of Brazilian elementary schools nearby petrochemical industry[END_REF][START_REF] Madureira | Source apportionment of CO2, PM10 and VOCs levels and health risk assessment in naturally ventilated primary schools in Porto, Portugal[END_REF][START_REF] Rufo | Indoor air quality and atopic sensitization in primary schools: A follow-up study[END_REF][START_REF] Verriele | The MERMAID study: indoor and outdoor average pollutant concentrations in 10 low-energy school buildings in France[END_REF][START_REF] Romagnoli | Indoor air quality at life and work environments in Rome, Italy[END_REF][START_REF] Nasreddine | Portable novel micro-device for BTEX real-time monitoring: Assessment during a field campaign in a low consumption energy junior high school classroom[END_REF][START_REF] Canha | Assessment of ventilation and indoor air pollutants in nursery and elementary schools in France[END_REF][START_REF] Marzocca | Indoor Air Quality Assessment and Study of Different VOC Contributions within a School in Taranto City, South of Italy[END_REF][START_REF] Zhong | Volatile Organic Compounds (VOCs) in Conventional and Highperformance School Buildings in the U[END_REF]Lara-Ibeas et al. 2018). Tables 1 and2 summarize the studies reporting formaldehyde levels in schools performed either in French or European Schools [START_REF] Smedje | Asthma among secondary schoolchildren in relation to the school environment[END_REF][START_REF] Synnefa | An Experimental Investigation of the Indoor Air Quality in Fifteen School Buildings in Athens, Greece[END_REF][START_REF] Fromme | Air quality in schools -classroom levels of carbon dioxide (CO2), volatile organic compounds (VOC), aldehydes, endotoxins and cat allergen][END_REF][START_REF] Izard | Air intérieur dans les écoles et crèches : Air intérieur dans les écoles et crèchesBilan des mesures 2009 -2011[END_REF][START_REF] Breizh | Poor air quality in classrooms related to asthma and rhinitis in primary schoolchildren of the French 6 Cities Study[END_REF][START_REF] Michelot | Monitoring indoor air quality in French schools and day-care centers[END_REF][START_REF] Breizh | Poor air quality in classrooms related to asthma and rhinitis in primary schoolchildren of the French 6 Cities Study[END_REF][START_REF] Villanueva | Aldehyde Measurements in Indoor and Outdoor Environments in Central-Southern Spain[END_REF][START_REF] Villanueva | Indoor and outdoor air concentrations of volatile organic compounds and NO(2) in schools of urban, industrial and rural areas in Central-Southern Spain[END_REF][START_REF] Verriele | The MERMAID study: indoor and outdoor average pollutant concentrations in 10 low-energy school buildings in France[END_REF][START_REF] Canha | Assessment of ventilation and indoor air pollutants in nursery and elementary schools in France[END_REF][START_REF] Madureira | Indoor air quality in Portuguese schools: levels and sources of pollutants[END_REF][START_REF] Kirchner | Qualité de l'air et confort dans les écoles en France : premiers résultats de la campagne nationale Lara-Ibeas I[END_REF][START_REF] Trocquet | Near Real-Time Monitoring of Formaldehyde in a Low-Energy School Building[END_REF][START_REF] Brdarić | Indoor air pollution with benzene, formaldehyde, and nitrogen dioxide in schools in Osijek, Croatia[END_REF][START_REF] Neamtiu | Assessment of formaldehyde levels in relation to respiratory and allergic symptoms in children from Alba County schools, Romania[END_REF]) conducted from 2009 to 2022 and from 1993 to 2013, respectively. These formaldehyde measurements are often combined with measurements of environmental parameters (temperature and relative humidity), concentrations of other gaseous pollutants (VOCs, TVOC, NO2, CO2, CO, etc.), particulate matter (PM2.5 and PM10), or biological agents (cat allergen, bacteria, etc.).

According to Tables 1 and2, most of the studies were carried out using the standard formaldehyde method ISO 16000-3 based on DNPH derivatization coupled to off-line HPLC-UV analysis, except the ones performed by [START_REF] Trocquet | Near Real-Time Monitoring of Formaldehyde in a Low-Energy School Building[END_REF]) and Hu et al. [START_REF] Hu | Diurnal variation and potential sources of indoor formaldehyde at elementary school, high school and university in the Centre Val de Loire region of France[END_REF].

Many other powerful instruments have been used for the on-line monitoring of formaldehyde either indoors [START_REF] Hanoune | Formaldehyde measurements in libraries: Comparison between infrared diode laser spectroscopy and a DNPH-derivatization method[END_REF][START_REF] Chiappini | Multi-tool formaldehyde measurement in simulated and real atmospheres for indoor air survey and concentration change monitoring[END_REF] or outdoors [START_REF] Li | Measurement of gaseous and aqueous trace formaldehyde: Revisiting the pentanedione reaction and field applications[END_REF][START_REF] Inomata | Technical Note: Determination of formaldehyde mixing ratios in air with PTR-MS: laboratory experiments and field measurements[END_REF][START_REF] Salmon | Measurement and interpretation of gas phase formaldehyde concentrations obtained during the CHABLIS campaign in coastal Antarctica[END_REF]Leuchner et al. 2016). Among them, the Aerolaser formaldehyde analyser has been used for years in atmospheric pollution research focused on outdoor air [START_REF] Hak | Intercomparison of four different in-situ techniques for ambient formaldehyde measurements in urban air[END_REF][START_REF] Salmon | Measurement and interpretation of gas phase formaldehyde concentrations obtained during the CHABLIS campaign in coastal Antarctica[END_REF]Leuchner et al. 2016) where its high sensitivity (Limit Of Detection (LOD) of 0.1 ppb) is needed.

However, its dimensions and the need for liquid reagent maintained at +4 °C sometimes limit its use for on-field measurements. Our instrument of 4 kg has a LOD of about 1 -1.5 µg m -3 (0.8 -1.2 ppb), which is low enough and adapted to monitor the formaldehyde levels encountered indoors where values range typically 10 between 100 µg m -3 [START_REF] Marchand | Aldehyde measurements in indoor environments in Strasbourg (France)[END_REF][START_REF] Marchand | Concentrations and determinants of gaseous aldehydes in 162 homes in Strasbourg (France)[END_REF]. Another powerful analyser is the GASERA ONE, based on the photoacoustic spectroscopy and commercialized by the Finnish company GASERA (Gasera). Its detection limit is below 1 ppb and its response time is configurable from 10 seconds to few minutes, making them suitable for the analysis of indoor air. Besides, some studies also reported the development of formaldehyde low-cost sensors, but their analytical performances are still limited due mainly to cross-sensitivity to other gases, lack of sensitivity or drift over time (Mariuta et al. 2020a, b;[START_REF] Baldelli | Real-time measurements of formaldehyde emissions in a gross anatomy laboratory[END_REF][START_REF] Liao | Paper-Based Vapor Detection of Formaldehyde: Colorimetric Sensing with High Sensitivity[END_REF][START_REF] Feng | Sensitive Formaldehyde Detection with QCM Sensor Based on PAAm/MWCNTs and PVAm/MWCNTs[END_REF][START_REF] Jo | Exclusive and ultrasensitive detection of formaldehyde at room temperature using a flexible and monolithic chemiresistive sensor[END_REF].

All the formaldehyde analysers mentioned previously have temporal resolutions varying between few seconds and few minutes, and it is the choice of the user to use one or another. This choice is usually based on the purpose of the measurements but also the availability of instruments in the laboratories. However, the effect of the different temporal resolution in formaldehyde monitoring has never been studied in detail. This is also true for other indoor pollutants. Only one study performed by Xia and Chen was found in the literature to report the influence of different time step sizes on the accuracy of estimating the indoor exposure to PM2.5 of indoor and outdoor origin [START_REF] Xia | Differentiating between indoor exposure to PM2.5 of indoor and outdoor origin using time-resolved monitoring data[END_REF]. In this work, we report the accurate concentration-time profiles of formaldehyde in two elementary schools over 5 weeks, using advanced laboratory prototypes of formaldehyde analysers based on the previous development performed by Guglielmino et al. (Guglielmino et al. 2017a, b) and operating with a time resolution of 2 seconds. Note that this work could have been done with another analyser like those mentioned above. This field campaign was performed in the city of La Rochelle, in the framework of Impact'Air project aiming at monitoring French indoor regulated air pollutants (formaldehyde, benzene and carbon dioxide), quantifying the relative emissions sources of air pollutants (building materials vs. furniture for example) and at evaluating the efficacy of various ventilation scenarios on indoor air quality.

The first objective of this work was to determine the minimum time resolution needed to maintain the representativeness of the data while detecting quick formaldehyde variations linked to IAQ events. To achieve this objective, the 2-s raw measurements were used to recalculate formaldehyde concentrations over different time steps, namely 1 min, 10 min, 1 hour and 1 day. The five obtained concentration-time profiles were then compared using different graphical representations to identify the minimum time resolution faithfully representing formaldehyde concentration variations indoors. To our knowledge, the analysis on the impact of the temporal resolution has never been performed for formaldehyde in indoor air. Here, this analysis is conducted over data collected during a five-week period including different ventilation and occupation scenarios.

The second objective aimed at quantifying the effect of different ventilation scenarios on formaldehyde concentrations in the presence of occupants, and at comparing these concentrations with the values found during the reference second week (in absence of occupants and with furniture). In both schools, a specific ventilation scenario was tested each week. Once the most relevant time step was identified, mean formaldehyde concentrations were calculated for every week in Schools 1 and 2 and statistical tests were performed on these datasets to determine if the differences between the different weeks in the same school were statistically significant. The contribution of building materials and furniture emissions, and the effects of different ventilation scenarios on formaldehyde concentrations were discussed. The time profiles of formaldehyde concentration were also correlated with those of environmental parameters such as temperature (T), relative humidity (RH) and carbon dioxide (CO2) levels, and further discussed. The real children and teachers' exposure to formaldehyde concentrations in schools was extracted from the monitoring data and the occupancy schedules, taking advantage of the continuous monitoring.

Our data were also compared to those from the literature, focusing on the formaldehyde concentrations measured either in French and European schools or during continuous monitoring in various indoor environments. To our knowledge, this study is the first to report real-time measurements in a European school both during periods when school children are normally present and when they are not. The realtime formaldehyde data were also compared to those obtained using the reference method ISO 16000-3 in supplementary information. Other aldehydes were also monitored using active sampling on DNPH tubes followed by off-line HPLC-UV analysis, these data being detailed in another joint publication [START_REF] Trocquet | Continuous aldehydes monitoring in primary schools in France: Evaluation of emission sources and ventilation practices over 5 weeks[END_REF]. BTEX measurements performed during this field campaign have already been published in a previous article (Lara-Ibeas et al. 2018).

Methodology

Site description

The study was carried out in two representative schools in the city of La Rochelle located in the west of France (see Figure SI.1). Both schools, hereafter referred as Schools 1 and 2 (S1 and S2), were built between 1965 and 1974 and were located in two residential areas on the outskirts of the city center. S1 and S2 are two primary schools, the first being located 150 m from the motorway and 1 km from La Rochelle airport, while the second was near a city park.

A classroom was selected in each school considering the different technical constraints. Indeed, the analytical equipment was installed in a room contiguous to the studied classroom to avoid noise pollution and limit the length of the air sampling lines. The classes were all rectangular and their volumes were very similar: 187 m 3 (S1) and 198 m 3 (S2). In Schools 1 and 2, the classrooms were located on the 1 st floor. Both classes of S1 and S2 had four west-facing windows limiting solar gains in winter except during the afternoon. The studied classrooms had two (S1) or three (S2) doors leading either to a corridor or to an adjacent room. The number and age of students in each investigated classroom varied depending on the school: 25 students of 9-11 years in S1; 16 students of 7-9 years in S2.

The furniture in the classroom consisted mainly of tables and chairs that were roughly 5 to 10 years old, as well as a few metal storage cabinets. In the two classrooms investigated, no new or very recent furniture was present. None of the studied classrooms had controlled mechanical ventilation, therefore, manual opening of windows was required to ventilate and renew the air. The rooms were heated by radiators connected to a central heating system operating between 7 a.m. and 5 p.m. from Monday to Friday to maintain an average temperature of 20 °C during the day and 16 °C at night.

Analytical instruments

Several analytical instruments were employed to monitor in real-time the three French regulated pollutants: laboratory prototypes of HCHO analysers, pre-industrial BTEX analysers and CO2 sensors, i.e., LUM'Air (Cairpol) or Q-Trak TM IAQ monitors (TSI Incorporated, St. Paul, Minnesota, USA). Q-Trak TM IAQ monitors were deployed in every school to measure Temperature, Relative Humidity and Carbon Dioxide levels while LUM'Air was only used to warn occupants when the CO2 concentrations were above the recommended thresholds.

LUM'air CO2 detector

The LUM'Air sensor is equipped with a non-dispersive infrared (NDIR) sensor for CO2 measurement.

It is now marketed under a different name, namely Class'Air. This instrument is now also used as an educational tool to raise awareness about confinement, allowing a simple and intuitive visualization of the CO2 level in real time.

In the presence of tens of occupants in a classroom, the CO2 level is expected to increase if the room is fully closed. Therefore, the CO2 monitoring can inform whether the doors and windows are closed or open. The LUM'Air detector was therefore installed in schools 1 and 2 for continuous CO2 monitoring. This instrument had a traffic light indicator: green, orange, and red corresponding with three different alarm levels. When CO2 concentration was acceptable (< 1000 ppm), the green light was on. Orange and red lights turned on only when CO2 went beyond the alert thresholds set respectively at 1000 and 1700 ppm warning the user that doors and windows must be opened to ventilate and renew the room air. These alert thresholds have been established from the research of the French Observatory of Indoor Air Quality(OQAI), their observation indicating the maximum level of CO2 in schools should not exceed 1700 ppm (ANSES 2013).

Reference method ISO 16000-3 using DNPH tube

In this study, the reference method ISO 16000-3 was used for formaldehyde determination in order to compare the results with those obtained with the formaldehyde analyser described below. This method is based on active sampling using 2,4-Dinitrophenylhydrazine (DNPH) tubes (Waters, Sep-Pak) followed by the quantification of the formed hydrazone by HPLC-UV [START_REF] Hanoune | Formaldehyde measurements in libraries: Comparison between infrared diode laser spectroscopy and a DNPH-derivatization method[END_REF][START_REF] Marchand | Concentrations and determinants of gaseous aldehydes in 162 homes in Strasbourg (France)[END_REF]. Air samples were collected using automatic sampling devices, namely DNPH MP4V1, DNPH MP4V2 and DNPH MP4V3. Each autosampler was composed of a mass flow controller (Bronkhorst), a gas pump (830 KNDC, KNF) and 4 sampling lines in which the DNPH tubes were connected. Each line was equipped with two solenoid valves (VDW23-6G-3, SMC) to fully seal the DNPH tube once the sampling was complete. These three auto samplers operated 0 -2000-mL min -1 .

During the night when the concentration is relatively stable as shown by [START_REF] Trocquet | Near Real-Time Monitoring of Formaldehyde in a Low-Energy School Building[END_REF], air sampling was scheduled for 10 h at a flow rate of 350 mL min -1 . Conversely, DNPH tube sampling was shortened to 35 -60 min using a flow rate of 2,000 mL min -1 during the day because the formaldehyde concentration could vary quite strongly, especially when windows were opened. The resulting air sample volumes ranged from 70 to 210 L. Once sampling was performed, DNPH tubes were stored at 4°C and then eluted with 2 -3 mL of acetonitrile (Sigma Aldrich, 99.8%). An amount of 20 µL of the resulting hydrazone solution was then injected and quantified by HPLC/UV using an external calibration. For the analysis of the hydrazone, a non-polar C18 column was used and the UV detector was set at a wavelength of 360 nm [START_REF] Hanoune | Formaldehyde measurements in libraries: Comparison between infrared diode laser spectroscopy and a DNPH-derivatization method[END_REF][START_REF] Marchand | Concentrations and determinants of gaseous aldehydes in 162 homes in Strasbourg (France)[END_REF]. This off-line method is very time-consuming and requires expensive and bulky equipment but allows simultaneously the quantification of all aldehydes present in ambient air. However, this paper is only focused on formaldehyde quantification.

HCHO analysers

The formaldehyde analyser used in this work is a compact instrument patented in several countries including European ones, USA, China, etc. (Le [START_REF] Calvé | Seasonal and Diurnal Variation of Formaldehyde and its Meteorological Drivers at the GAW Site Zugspitze[END_REF]. Its gas and liquid flow systems composed of microfluidic elements allows the use of very low liquid flow rates limiting the reagent consumption and thus resulting in a longer autonomy. The establishment of an annular flow for the trapping of gaseous formaldehyde is also a novelty compared to other formaldehyde analysers.

In schools' indoor air, gaseous formaldehyde level was continuously measured using two laboratory prototypes of formaldehyde analysers, i.e., HCHO-1 in S1; HCHO-2 in S2 (see Figure SI.2). These devices were built based on those previously detailed by Guglielmino et al. elsewhere (Guglielmino et al. 2017a, b) and already deployed in an intensive field campaign [START_REF] Trocquet | Near Real-Time Monitoring of Formaldehyde in a Low-Energy School Building[END_REF]. Therefore, only a brief description is given below.

Figure 1 presents a scheme of the formaldehyde microanalyser prototype. The operating principle is based on three consecutive steps: 1) the uptake of gaseous formaldehyde into an aqueous acetylacetone solution at room temperature; 2) the chemical reaction between formaldehyde and acetylacetone via the Hantzsch mechanism (Eisner and Kuthan 1972); and 3) the fluorescence detection of the reaction product, i.e., 3.5-diacetyl-1.4-dihydrolutidine (DDL).

In this device, both the air sample and the aqueous acetylacetone solution were continuously pumped and injected into the same capillary tube (150 cm long and 530 µm ID) at flow rates of 20 mL min -1 and 17 µL min -1 , respectively. Such conditions allowed the establishment of a stable annular flow [START_REF] Triplett | Gas-liquid two-phase flow in microchannels Part I: two-phase flow patterns[END_REF]Guglielmino et al. 2017a, b) and promoted the uptake of gaseous formaldehyde into the acetylacetone solution, the uptake yield being close to 100% (Guglielmino et al. 2017a, b).

Once formaldehyde trapped in the liquid solution, the mixture flowed through a microporous tube which allowed the gas to escape. The resulting gas-free solution passed through an oven maintained at 65 ° C to greatly accelerate the reaction between acetylacetone and formaldehyde according to the mechanism described in Figure SI.3. To fully convert formaldehyde into DDL, the reaction time in the oven was set to approximately 3.5 min at a liquid flow rate of 17 µL min -1 . The solution containing the newly formed DDL passed through the fluorescence detection cell. The DDL was excited by a LED emitting purple light centered on 415 nm and the resulting fluorescence signal was collected at 530 ± 40 nm by a photomultiplier (Hamamatsu Photonics) equipped with a bandpass filter. The fluorescence signal was then amplified by fixing the gain at 50% and averaged over two seconds, thus allowing 30 fluorescence measurements per minute.

Two 3-way solenoid valves (V1 and V2 in Figure 1) allow either to sample the air or to perform blanks by removing the airborne formaldehyde through a DNPH tube. This configuration allows to program blanks during the analysis to correct the potential drift of the baseline, which is usually very moderate over several days. V3 is a 2-way solenoid valve that protects the pump and the mass flow controller from any backflow of liquid solution if the gas flow accidentally stops (See Figure 1).

Under these experimental settings, the formaldehyde microanalysers had a time resolution of 2 s while its response time was around 10 min. The liquid reagent consumption of this system is low (1.02 mL h - 1 or 24.5 mL day -1 ) allowing autonomy of 4.1 days with 100 mL of liquid reagent.

The formaldehyde analyser prototypes were relatively compact (33 cm wide, 45 cm long and 15 cm high) and weighted 4 kg including the aluminium suitcase, the chemical reagent and waste bottles (see Figure SI.2). These prototypes were fully controlled by homemade software working on Windows, allowing data acquisition, data processing and automatic calculation of the airborne formaldehyde concentration. Such analytical instruments were found to be very convenient to perform in-situ measurements over a long field campaign due to their low weight and size combined with its 4 days autonomy. In addition, during this campaign, the analysers could be controlled and programmed remotely thanks to a free software installed on the computer and internet access available in every school. This feature also allowed us to visualize the data in real time and to be alerted in case of a potential instrument failure.

Calibration and detection limits of analytical methods

Before any field measurements, precise calibration of the instruments is required either in the laboratory or directly on site. The next sections describe the calibration procedures followed in the framework of the IMPACT'AIR campaign and the corresponding results obtained.

LUM'air CO2 detector

The CO2 sensor has a precision of 50 ppm + 3% of the measured value and was calibrated by an accredited laboratory. The measurement time step was set to 10 minutes.

Reference method ISO 16000-3 using DNPH tube

Standard hydrazone solutions of formaldehyde (Sigma-Aldrich, France) were prepared in the range 0.5 and 10 mg L -1 , this range being representative of the resulting concentrations obtained in the field after air sampling on DNPH tubes and subsequent elution. These hydrazone solutions were injected into HPLC/UV to obtain a satisfactory linear calibration curve with R 2 ≥ 0.99. Considering a signal/noise ratio equal to 3 and a minimum sampling air volume of 70 L, the resulting detection limit of this analytical method was determined to be 23 ng m -3 for formaldehyde. At least two blank tubes were used to quantify the average residual formaldehyde concentrations in each series of DNPH tubes, this residual quantity being further subtracted to the raw values found during the field measurements.

Formaldehyde micro-analysers

To calibrate the formaldehyde microanalysers, controlled gaseous formaldehyde concentrations were generated by a portable formaldehyde source (Guglielmino et al. 2017b;[START_REF] Trocquet | Near Real-Time Monitoring of Formaldehyde in a Low-Energy School Building[END_REF]. The operating principle of this source is based on a dynamic gas-liquid equilibrium through a porous tube.

The liquid formaldehyde solution used in the reservoir of the source, was prepared by dilution of a commercial formaldehyde solution (Sigma Aldrich, formaldehyde solution ACS reagent 37%) with pure water. The total air flow rate of the calibration mixture was usually fixed at 1,500 -2,000 mL min -1 but only 20 mL min -1 were sampled by the formaldehyde analyser. A full calibration was conducted for each analyser before the field campaign for formaldehyde concentrations varying from 16 to 53 µg m -3 . A sample of every gaseous formaldehyde concentration generated by the portable source was collected on a DNPH tube and analysed by the standard method ISO 16000-3 to verify the concentration.

The resulting fluorescence intensities increased linearly with the gaseous formaldehyde concentration (R 2 ≥ 0.995). Limits of detection (LOD) and quantification (LOQ) for a time-resolution of 2 s and a photomultiplier gain set at 50% were equal to 1.6; 1.2; µg m -3 and 5.3, 4.0 µg m -3 respectively for the two microanalysers, namely HCHO-1 and HCHO-2. These LOD and LOQ were extrapolated from the smallest formaldehyde concentration detected for a Signal over Noise ratio (S/N) of 3 and 10 for LOD and LOQ, respectively.

Once the instruments were installed in the schools, a rapid calibration with one or two formaldehyde concentrations was conducted for each analyser to verify the absence of calibration drift. This procedure was repeated two times during the whole campaign and only moderated deviations lower than 3% compared to the initial complete laboratory calibration were observed.

Sampling conditions and ventilation scenarios

The field campaign took place during winter 2016 over 5 consecutive weeks, i.e., from February 15, 2016, to March 20, 2016. Instruments measuring temperature, relative humidity and CO2 concentration were installed inside the investigated classroom of each school. The other instruments such as formaldehyde analysers and automatic samplers were located in an adjacent room, each one connected to the studied room through its sampling line (see Figure SI.4). The air in the classroom was continuously sampled using Teflon tubes 4 -6 meters long, 6 mm OD and 4 mm ID. The tube inlet was positioned in the middle of the classroom, 50 to 100 cm below the ceiling. Considering a sampling rate of 20 mL min - 1 of the formaldehyde analyser, the volume of air in the sampling tubes was renewed in about three minutes. Therefore, the air sampling was programmed accordingly. The formaldehyde analysers operated continuously for the whole week, with the reagent usually being changed in a few seconds every 2 to 4 days.

Prior to the beginning of the campaign, the investigated classrooms were completely emptied. Therefore, during the first week (15 th to 21 st February 2016), the concentrations measured were likely associated to the emissions from building materials. At the beginning of the second week, the furniture was placed again in the classrooms. Formaldehyde monitoring continued through the week to evaluate the emissions potentially released by the furniture. Note that in S1, the ramp of the stairs leading to the corridor was repainted by the maintenance staff, without prior notice at the beginning of the second week. This event significantly increased the VOCs levels during this period. For that reason, the week 2 was split into two distinguished parts in the data analysis (before and after the painting).

The first two weeks of the campaign coincided with the holidays period; thus, nobody was present in the classrooms and windows and doors were always closed except for placing the furniture in.

For the third week onwards, the classrooms were occupied by the schoolchildren and teachers and a different ventilation scenario was tested every week. In this period, all the classroom doors stayed open overnight. During the third week (from 1 st to 6 th March 2016) in schools 1 and 2, the occupants ventilated the classroom as usual in addition to the scheduled time according to the own school's rules (see Table SI.1).

In weeks 4 and 5, ventilation was carried out either according to the traffic lights of the CO2 sensor (week 4 in S1 and week 5 in S2), or by following the ventilation instructions given by the French Observatory for Indoor Air Quality (week 5 in S1 and week 4 in S2). These latter are detailed in Table SI.1 and encourage windows to be opened for approximately 30 minutes before and after class, every two hours of class and after a room cleaning.

Statistical analysis

Statistical analysis was then performed with the software XLSTAT 2022.1.2 (Addinsoft). The statistical tests performed were variances analysis (Student's t-test performed between the different weeks). As the time step may have a significant impact on the result of the Student' t-tests, the different time steps previously mentioned, i.e., 2 s, 1 min, 10 min, 1 hour and 1 day, were considered for the calculations and their effect on the p-values were evaluated. For each comparison performed using a statistical test, the time step considered for the determination of the time-weighted concentration was specified.

To evaluate if there was any significant variation on weekly mean formaldehyde concentration, the set of formaldehyde concentrations obtained during a full week was compared with the ones measured during a reference week. Firstly, the second week was considered as a reference to evaluate i) the addition of furniture by comparing with week 1; ii) the impact of ventilation and the influence of the schoolchildren's presence on formaldehyde concentration by comparing with weeks 3, 4 and 5. Secondly, the third week was considered as reference to evaluate the effectiveness of the two investigated ventilation practices by comparing with weeks 4 and 5. Finally, the fourth week was chosen as a reference to evaluate if there was any significant difference among the two investigated ventilation practices (weeks 4 and 5). The statistical results are given using the conventional classification depending on the p value: * p < 0.05; ** p < 0.01; *** p < 0.001. p2 corresponds to the analysis in which week 2 was set as the reference while in p3 and p4 the third and the fourth weeks were chosen as the reference, respectively. In addition, the variance pch was calculated by using the data obtained during the presence of schoolchildren and taking as reference the formaldehyde concentrations determined on the whole week.

Results and discussion

The data obtained in this work are summarized in Tables 3,4, SI.2, SI.3, SI.4 and SI.5 for the various investigated time steps, i.e., 2 s, 1 min, 10 min, 1 h and 1 day, and are displayed in Figures 23456789. The main results are presented and discussed in the following sub-sections.

Real-time formaldehyde monitoring in schools using various time steps: determination of the most relevant time resolution

Once all instruments were installed and calibrated, indoor air sampling began for 5 consecutive weeks where the instruments were continuously working, except when they were stopped for calibration or short maintenance. In practice, the collected data were daily analyzed and post-treated.

The concentration-time profiles of formaldehyde are plotted using the 2-s raw data recorded by the formaldehyde analyser for the whole monitoring period in Figures 2 and3 for schools S1 and S2, respectively. Formaldehyde concentrations determined by active sampling on DNPH tubes over the same period in S1 and S2 are also reported in these figures. These concentrations correspond to average values over the sampling time interval whereas the quoted errors correspond to the uncertainties of gaseous formaldehyde concentrations, which were determined considering the uncertainties of DNPH gaseous sampling volumes and HPLC/UV analyses (tubes desorption, dilution, and error on the calibration curve). The concentration-time profiles of formaldehyde for schools 1 and 2 are detailed week by week (Figures SI.5 The continuous measurement makes it possible to recalculate the average concentrations over very specific durations. Thus, the 2-s raw data were first used to determine the average concentrations over 1 minute, 10 minutes, 1 hour and 1 day. Figures 4a and4c show some typical weekly concentrationstime profiles of formaldehyde using the formaldehyde microanalyser with different time steps, i.e., 2 seconds, 1 minute, 10 minutes, 1 hour and 1 day, for week 3 in S1 and S2, respectively.

Considering these various time steps, Table 4 highlights that their corresponding weekly mean concentrations do not vary significantly whatever the time step considered. Indeed, the 2-s data are very close to those obtained with the higher time step, i.e., 1 day (in brackets): School 1, 25.6 -41.6 µg m -3 (25.8 -42.5); School 2, 14.7 -26.9 µg m -3 (14.7 -26.9).

Nevertheless, the time step has a non-negligible effect on the apparent range of measured formaldehyde concentration. Indeed, in School 1, the formaldehyde concentration varies between values lower than LOD and 58.6 µg m -3 µg m -3 with a 2-s time resolution whereas it ranges only between 21.4 and 48.8 µg m -3 (see Table 4) when considering a time step of 1 day. The same trend is observed in Table 4 for S2 with values in the ranges < LOD -41.1 µg m -3 and 13.5 -30.2 µg m -3 for time steps of 2 seconds and 1 day, respectively. Conversely, as reported in Table 4, the concentration ranges reported for 10 min are close to those obtained with the 2-s raw data (in brackets): School 1, 3.4 -56.4 µg m -3 (< LOD -58.6 µg m -3 ); School 2, < LOD -37.0 µg m -3 (< LOD -41.1 µg m -3 ). This is also true for a time step of 1 minute and the maximum values are closer than the 10-min ones: S1, 3.4 -58.0 µg m -3 ; S2, < LOD -38.6 µg m -3 . Such considerations are also illustrated by the two corresponding scatterplots obtained with data of week 3 and shown in Figures 4b and4d, for Schools 1 and 2, respectively. The scatterplots obtained for other weeks are displayed in Figure SI.8 for both schools and confirm this behaviour.

Figures 4a -4d and more particularly the scatterplots shown in Figures 4a and4c highlight that time steps of 1 and 10 min seem to represent well the variations in formaldehyde concentration obtained during a typical occupation week when windows were sometimes opened for ventilation, implying the rapid decrease of formaldehyde levels. Hourly data remain relatively representative, however, they do not allow the minima and maxima to be clearly visualised and, on the other hand, they would not allow the calculation of the 30-min exposure concentration and its comparison with the threshold of 100 µg m -3 set by the WHO corresponding to an acute exposure over a half an hour [START_REF] Kaden | Formaldehyde[END_REF]. Furthermore, a time step of one hour would not allow an easy determination of occupant exposure values in schools according to the schedule of children's occupation periods in schools 1 and 2 (see Table SI.6).

As expected, the values obtained with a 1-day time resolution do not reflect the intraday variations recorded in the two schools as shown in Figures 4b and4d. These data are also displayed in Figures SI.9 Given these observations and regarding the limited difference observed between the 1-min and 10-min data sets, the 10-min time step for the measurement of airborne formaldehyde concentration seems to be representative of the formaldehyde concentration variations and suitable for the calculation of children's exposure. Thus, the figures hereinafter presented in this manuscript consider only this time resolution of 10 min. The same time interval of 10 min was used for the main statistical analysis, although other time steps were also studied for confirmation.

Results for the 5 investigated weeks: contribution of building materials and furniture emissions and effects of different ventilation scenarios on formaldehyde concentrations

The ranges and average values considering a 10-min time step obtained week by week for formaldehyde concentrations during the whole campaign are summarized in Table 3. Tables SI.2, SI.3, SI.4 and SI.5 report the same information for time steps of 2 seconds, 1 minute, 1 hour and 1 day, respectively.

Empty room

The results reported in Table 3 for a 10-min time step and Figures 2 and3 show that formaldehyde concentrations varied in the ranges of 7.8 -40.9 µg m -3 and 7.0 -20.0 µg m -3 for schools 1 and 2, respectively. Note here that the first data of week 2, which were obtained before the addition of furniture, were counted with those of week 1. The corresponding mean values were 29.5 ± 5.0 and 14.7 ± 2.4 for S1 and S2, respectively, the quoted errors corresponding to the standard deviations. In absence of furniture and occupants, these observations demonstrate that building materials emit a significant quantity of formaldehyde in both schools, with higher emission rates in S1. In Figures 2 and3, we can distinguish that the concentration was relatively stable over time for week 1. Nevertheless, some short and sharp decreases of the concentration were observed showing the opening of the classroom doors in our absence despite our instructions given to the maintenance staff. These artefacts are significantly more pronounced in School 1.

Addition of furniture

After the furniture was moved into the classroom at the beginning of the second week, formaldehyde levels were in the ranges 18.8 -56.4 µg m -3 and 11.0 -34.6 µg m -3 for schools 1 and 2, respectively (see Table 3, Figures 2 and3). The resulting average formaldehyde levels increased significantly from 29.5 ± 5.0 to 33.8 ± 5.2 µg m -3 for S1 before the painting event and from 14.7 ± 2.4 to 26.8 ± 4.8 µg m - 3 for S2 (see Table 3), the quoted errors corresponding to the standard deviations. Thus, the addition of furniture led to an increase of 4.3 µg m -3 (15%) and 12.1 µg m -3 (82%) for S1 and S2, respectively. This variation was confirmed by the results of the Student't t-tests which showed that the values recorded between the weeks 1 and 2 were statistically different for both schools with p2 lower than 0.001 (see Figures 5 and6). These observations demonstrate that the furniture equipping the classroom constitutes a significant emission source of formaldehyde in both schools.

The unplanned painting of the stairs leading to the classroom floor in School 1 implied a significant (p2 < 0.001) but moderate increase of formaldehyde concentration from 33.8 ± 5.2 to 41.6 ± 6.5 µg m -3 . This observation suggests that the applied paint did not contain a high amount of formaldehyde, unlike other VOC such as xylenes (Lara-Ibeas et al. 2018) or hexanal [START_REF] Trocquet | Continuous aldehydes monitoring in primary schools in France: Evaluation of emission sources and ventilation practices over 5 weeks[END_REF] for which very high concentrations were observed during this measurement field campaign.

Once again, the untimely opening of doors by the maintenance and cleaning services caused a few brief drops in formaldehyde concentration: two in school 1 down to 10 -15 µg m -3 (see Figure 2) and three in school 2 down to 10 -18 µg m -3 (see Figure 3).

Presence of occupants

Over the following three weeks, the results obtained during the occupation of the schools by schoolchildren and teachers showed considerable variations in formaldehyde levels. These variations were related to various activities and windows or doors openings with typically 6 to 12 sharp drops depending on the week, as displayed in Figures 2 and3. For both schools, ventilation periods via the opening of the windows almost immediately led to large decreases in formaldehyde concentrations down to a few µg m -3 as illustrated in Figures 2 and3. These observations confirm that outdoor formaldehyde level is low and probably lower than 5 µg m -3 , but also that formaldehyde sorption on sampling Teflon lines can be neglected since formaldehyde level drops and increases almost immediately when windows are manually open and closed, respectively. Note that detailed figures for each week are shown in Figures SI.5 and SI.6 for S1 and S2, respectively. During the third week, when occupants followed the usual ventilation protocol, formaldehyde concentrations were in the ranges of 8.9 -48.1 µg m -3 and 0 -37.0 µg m -3 for schools 1 and 2, respectively, with a 10-min time step for formaldehyde monitoring (see Table 3). Their corresponding mean values were 31.0 ± 6.9 µg m -3 (S1) and 25.4 ± 6.9 µg m -3 (S2) where the quoted errors correspond to the standard deviation. Even if they are close to those recorded for the reference week 2, these values are statistically lower (p2 < 0.001) than those of 33.8 ± 5.2 µg m -3 (-8.2 %) and 26.8 ± 4.8 µg m -3 (-5.2 %) found in the same classrooms when they were unoccupied (reference week 2) for S1 and S2, respectively (see Table 3). This is illustrated by the boxplots shown in Figures 5 (S1) and 6 (S2).

For the second scenario where the ventilation instructions given by the French Indoor Air Quality Observatory were followed, i.e., during the fifth week in S1 and the fourth week in S2, formaldehyde levels ranged between 3.4 and 40.1 µg m -3 in S1 while they varied between 2.1 and 30.9 µg m -3 in S2 (see Table 3). Their corresponding mean values were 27.4 ± 6.3 µg m -3 (S1) and 21.3 ± 6.2 µg m -3 (S2) which are significantly and again statistically lower than those found during the weeks 2 and 3 for the two schools (p2 <0.001 and p3 <0.001) as illustrated on the boxplots displayed in Figures 5 and6 for S1 and S2, respectively. These mean values are -18.9% (S1) and -20.5 % (S2) lower than those determined for week 2 or -16.1% (S1) and -11.6 % (S2) lower than those obtained for week 3.

For the ventilation according to the CO2 level, i.e., during the fourth week in S1 and the fifth week in S2, formaldehyde level varied between 6.4 and 41.3 µg m -3 in S1 while it ranged between 3.4 and 31.8 µg m -3 in S2 (see Table 3). The resulting mean formaldehyde concentrations were calculated to be 25.6 ± 7.7 µg m -3 (S1) and 23.7 ± 6.9 µg m -3 (S2). In S1, this value is significantly lower than those of 33.8 ± 5.2 µg m -3 (-24.2%) and 31.0 ± 6.9 µg m -3 (-17.4 %) obtained for week 2 before paint event and week 3, respectively (see Figure 5), according to the performed Student's t-tests since p2 and p3 were lower than 0.001. As shown in Figure 6 for S2, the mean concentration of 23.7 µg m -3 recorded for the fifth week was statistically lower than the ones determined for the second week (26.8 µg m -3 , -11.5%, p2 < 0.001) and for the week 3 (25.4 µg m -3 , -6.6%, p3 < 0.001).

The comparison between the two last investigated ventilation scenarios roughly indicates that there is not a significant difference between them, since S1 exhibited slightly lower formaldehyde concentrations for the week 4 (CO2 indicator, -6.5 %, p4 < 0.001) while it was the opposite in S2 with lower formaldehyde levels for the week 4 (+ 11.3 %, p4 < 0.001) where specific ventilation instructions were based on frequent short windows opening (see Table 3). Both scenarios involved the active cooperation of the occupants, and it cannot be excluded that the application of ventilation rules was carried out differently between the two schools.

As shown in Tables 3, SI.2, SI.3, SI.4 and SI.5, all the p values (p2, p3 and p4) were always lower than 0.001 (***) whatever the time step considered, suggesting that even a daily time step used for weekly monitoring is sufficient to perform such statistical tests.

Correlation of formaldehyde concentration with temperature, relative humidity, and CO2 concentration

The weekly mean values of T, RH and CO2 concentration are reported in Table SI.7 for the five weeks.

Temperature can strongly modify the building materials emissions [START_REF] Xiong | Association between the Emission Rate and Temperature for Chemical Pollutants in Building Materials: General Correlation and Understanding[END_REF][START_REF] Xiong | Characterization of VOC Emission from Materials in Vehicular Environment at Varied Temperatures: Correlation Development and Validation[END_REF] and influence the sorption process of organic compounds (Rizk et al. 2018a) on the different surfaces available in the two classrooms. Temporal variations of temperature and formaldehyde concentration with the time step of 10 min are plotted in Figures 7a and8a, for S1 and S2, respectively, over the 5 investigated weeks. In S1, the temperature in the classroom was relatively stable during the first two weeks when the classroom was closed. Conversely, greater variations were recorded in the range 14.9 and 24.4°C and usually between 16 and 23°C during the following three weeks as observed in Figure 7a, with the temperature often dropping significantly while the windows were open. It also regularly rose to 21 -23°C in the afternoon when the windows were closed, as the sun shone through the windowpanes and warmed the air in the room. In school 2, the daily temperature were less pronounced even when the occupants were present. The corresponding temperature inside the studied room varied between 17.4 and 23.5°C. However, there was a slow and continuous increase in temperature during the measurement campaign, which is explained by the gradual improvement in weather conditions. As already abovementioned, school 2 exhibits a significant difference in mean concentrations between the weeks 1 and 2 where the occupants were absent: 14.7 µg m -3 (week 1) and 26.8 µg m -3 (week 2). Focusing on these two weeks, Figure 7 shows that formaldehyde concentration seems to be completely independent of the temperature which ranged between 17.4 and 21.5 °C, the temperature being minimum during the night and the weekend since the heating was reduced in the absence of the occupants. This absence of correlation was later confirmed by the results of a Pearson correlation test between formaldehyde concentration and temperature over the first two weeks, being r = 0.18 (S1) and r =0.28 (S2).

The relative humidity (RH) is also known to influence the formaldehyde emissions from building materials [START_REF] Huang | The Impact of Relative Humidity on the Emission Behaviour of Formaldehyde in Building Materials[END_REF]. Figures 7b and8b report the time profiles of RH values and formaldehyde concentrations over 5 weeks in the two investigated classrooms. The relative humidity ranged from 41.8 to 69.6% in S1 and from 35.3 to 67.3% in S2. In fact, Figures 7b and8b highlight that the relative humidity is relatively stable over the whole period for both schools, with average values over 5 weeks of about 58 % (S1) and 50 % (S2). In S1, the weekly mean RH values were the following: 57.7 % (week 1), 61.7 % (week 2 before paint), 59 % (week 3), 55.5 % (week 4), 55.1 % (week 5) whereas in school 2, they varied as follows: 49.9 % (week 1), 53.1 % (week 2), 53.6 % (week 3), 48.8 % (week 4) and 44.2 % (week 5). To evaluate if there was any correlation between formaldehyde concentrations and relative humidity, a Pearson correlation test was conducted between these two variables over the first two weeks where the classrooms were not ventilated. The results obtained (r = 0.26 (S1) and r =0.29 (S2)) showed no statistical correlation between the formaldehyde concentrations and relative humidity.

Over the last three weeks, clear decreases in relative humidity were systematically recorded during the sudden drops in formaldehyde concentration observed when windows were opened. This can be explained by the fact that the outdoor air is less humid than the indoor one due to the weather conditions during this period, i.e., sunny days. Obviously, such correlations between formaldehyde concentration and RH values were not observed during the first two weeks when the windows were closed.

Carbon dioxide concentration is expected to be stable during the absence of occupants and significantly vary with either the presence of occupants or the door/windows openings. The CO2 results which were already detailed in a previous publication focused on on-line BTEX monitoring (Lara-Ibeas et al. 2018) are briefly summarized and compared to formaldehyde concentrations. Figures 7c and8c displayed the concentration-time profiles of CO2 and formaldehyde in Schools 1 and 2 over the five monitored weeks.

During the week 1, the weekly average concentrations of CO2 were 576 and 460 ppm for S1 and S2, respectively. After the addition of furniture, the CO2 weekly mean levels of 444 ppm (S1) and 418 ppm (S2) were similar to the ones measured during the previous week in both schools 1 and 2 and close to the outdoors levels. As expected, the CO2 levels increased significantly during the occupation period to reach average values of 1221 -1296 ppm (usual ventilation), 682 -820 ppm (ventilation according to CO2 levels), 756 -1066 ppm (ventilation according to OQAI instructions). For the three last weeks and both schools, the maximum concentrations of carbon dioxide recorded in presence of schoolchildren and teachers preceded the opening of the windows which simultaneously and almost instantly involved the rapid decreases in the concentrations of CO2 and formaldehyde (see Figures 7c and8c). Such observations confirm that formaldehyde was emitted by indoor sources and that CO2 levels can be used as a key indicator to detect windows or doors opening in presence of children in classrooms.

Evaluation of the various ventilation scenarios on the children and teachers' exposure to formaldehyde concentrations in schools

The section 3.3 has shown that the results for weeks 4 and 5 were significantly different from week 3 when considering the data obtained for the whole week, tending to demonstrate a reduction in the average formaldehyde value with these two last ventilation scenarios. However, no clear trend seemed to emerge when comparing the last two scenarios, with each of the two schools giving a different indication. Therefore, due to the absence of marked conclusions, the results were then re-analyzed by only considering the time where the children were present, as detailed in Table SI.6. Indeed, the strong advantage of continuous monitoring lies in the fact that it is possible to recalculate the average concentrations over very specific durations. Based on 10-min time resolution, the mean values recalculated considering the periods of presence are given in Table 3 and compared with those obtained for the whole week in Figure 9.

For the first weeks in the two schools, Table 3 shows that the average values calculated on the time of virtual presence of children are quite similar to those obtained considering the whole week (in brackets): 28.9 ± 8.5 µg m -3 (29.5 ± 5.1 µg m -3 , S1, week 1); 12.9 ± 3.2 µg m -3 (14.7 ± 2.4 µg m -3 , S2, week 1); 34.0 ± 5.3 µg m -3 (33.8 ± 5.2 µg m -3 , S1, week 2 before painting); 23.0 ± 6.1 µg m -3 (26.8 ± 5.3 µg m -3 , S2, week 2). For S1, the values were the same within the quoted errors. Limited differences of -14 % and -12 % were found for S2. During week 3, the mean formaldehyde concentrations in the presence of children were equal to 31.5 ± 7.0 µg m -3 and 23.2 ± 8.1 µg m -3 in S1 and S2, respectively. Again, these concentrations were very slightly different from those of 31.0 ± 6.9 µg m -3 (S1) and 25.4 ± 6.9 µg m -3 (S2) found for the overall duration of the corresponding week even if these differences of + 2 % and -9.0 % were found to be statistically significant according to the Student's t-test (pch < 0.001). These observations tend to demonstrate that usual ventilation according to the basic schools' rules does not significantly impact the indoor air quality whatever the school is considered (see Figure 9).

A similar data analysis highlighted that ventilation instruction given by the French Indoor Air Quality Observatory allowed the most significant reduction of formaldehyde levels being -20 % in S1 and -26 % in S2 in presence of children. The effect was more pronounced when considering the ventilation scenario according to the CO2 level with a decrease of -34 % (S1) and -30 % (S2). For these two last weeks, all the differences recorded between the children's presence time vs. the whole week duration were again found to be statistically significant (pch < 0.001).

Comparison with literature data

Our experimental data were compared with those measured in French and European schools (Tables 1 and2) and those measured in near real-time in various indoor environments (Table 4).

Comparison with formaldehyde concentrations measured in French and European schools

Due to its toxicity, many studies aimed to quantify formaldehyde in schools around the world. Our results are compared here with those obtained in schools in Europe. The studies reporting airborne formaldehyde concentrations performed in French and European Schools are summarized in Tables 1 and2, respectively. These tables show that most of the studies performed in schools are focused on VOCs, TVOC, formaldehyde and other pollutants such as NO2, CO2, CO, PM2.5 and PM10.

According to Tables 1 and2, a major part of the studies in schools were carried out using passive sampling tubes impregnated with DNPH. Apart from the present work (see Table 1), only 2 out of 9 studies were carried out in France using real-time monitoring combined with active sampling on DNPH tubes [START_REF] Trocquet | Near Real-Time Monitoring of Formaldehyde in a Low-Energy School Building[END_REF][START_REF] Hu | Diurnal variation and potential sources of indoor formaldehyde at elementary school, high school and university in the Centre Val de Loire region of France[END_REF]. In a major part of these studies, the air was sampled on commercial sorbent tubes for a duration time varying between a few hours to a few days for active and passive samplings, respectively. Even if this standard method is very sensitive and allows to quantify tens of carbonyl compounds (aldehydes and ketones) in a single run, the obtained results only represent an average concentration of the detected molecules over the considered sampling time.

Therefore, this off-line analysis cannot provide concentration-time profiles which allows to identify the sources of pollutants in indoor environments and to better understand some chemical processes. Among the studies presented in Table 1, only two studies were performed using a real-time device aiming at monitoring the indoor air of schools over a long period. The first one, conducted by our research group in the framework of the MERMAID project [START_REF] Trocquet | Near Real-Time Monitoring of Formaldehyde in a Low-Energy School Building[END_REF], reported formaldehyde levels for 2 consecutive weeks in an unoccupied classroom located in a low-energy building. The monitoring was conducted using a laboratory prototype of a formaldehyde microanalyser previously developed by Guglielmino et al. (Guglielmino et al. 2017a, b). The second one was conducted in three schools by [START_REF] Hu | Diurnal variation and potential sources of indoor formaldehyde at elementary school, high school and university in the Centre Val de Loire region of France[END_REF] in which formaldehyde was continuously monitored in the presence of occupants over either 18 consecutive days for 2 distinct periods in an elementary school and in a high school or 10 days in a classroom at the University [START_REF] Hu | Diurnal variation and potential sources of indoor formaldehyde at elementary school, high school and university in the Centre Val de Loire region of France[END_REF]. They simultaneously used the continuous formaldehyde analyser manufactured by Aerolaser (AL4021, Germany) operating with a time resolution of 30 s and active samplings on DNPH tubes every 2 hours on weekdays and every 6 hours on weekends.

However, the work conducted by Trocquet and coworkers was fully performed in absence of occupants with a programmable and powerful mechanical ventilation system in a low-energy building while the present study reports formaldehyde monitoring either in unoccupied or occupied classrooms in the absence of mechanical ventilation and where different ventilation practices were conducted. Similar observations can be done for formaldehyde measurements over Europe (see Table 2) where only two studies [START_REF] Smedje | Asthma among secondary schoolchildren in relation to the school environment[END_REF][START_REF] Synnefa | An Experimental Investigation of the Indoor Air Quality in Fifteen School Buildings in Athens, Greece[END_REF]) used active sampling instead of passive ones.Our weekly mean concentrations in Schools 1 and 2 are reported in Table 1. Two French studies were carried out on a large sample of 310 and 301 schools [START_REF] Michelot | Monitoring indoor air quality in French schools and day-care centers[END_REF][START_REF] Kirchner | Qualité de l'air et confort dans les écoles en France : premiers résultats de la campagne nationale Lara-Ibeas I[END_REF]. Very interestingly, they reported the percentages of schools exhibiting formaldehyde concentrations of 0 -30, 30 -50 and 50 -100 µg m -3 , the range of 0 -30 µg m -3 previously defined by [START_REF] Michelot | Monitoring indoor air quality in French schools and day-care centers[END_REF] being split into two sub-ranges of 0 -10 and 10 -30 µg m -3 for the most recent publication of [START_REF] Kirchner | Qualité de l'air et confort dans les écoles en France : premiers résultats de la campagne nationale Lara-Ibeas I[END_REF]. This was performed in agreement with the French recent regulation targeting threshold values for long term exposure of 30 µg m -3 in public building from 2016 and 10 µg m -3 in 2023 (Decree n° 2011-1727 2011).

Based on the whole week from Monday to Sunday, the weekly formaldehyde concentrations recorded in school S2 (14.7 -26.3 µg m -3 ) are in the range 0 -30 and 10 -30 µg m -3 defined above by the two studies, which corresponds to 89.4% and 69% of schools exhibiting moderate indoor airborne formaldehyde according to these large-scale studies [START_REF] Michelot | Monitoring indoor air quality in French schools and day-care centers[END_REF][START_REF] Kirchner | Qualité de l'air et confort dans les écoles en France : premiers résultats de la campagne nationale Lara-Ibeas I[END_REF]. In fact, most of the other studies report formaldehyde concentrations in schools below 30 µg m -3 , either in France [START_REF] Breizh | Poor air quality in classrooms related to asthma and rhinitis in primary schoolchildren of the French 6 Cities Study[END_REF][START_REF] Verriele | The MERMAID study: indoor and outdoor average pollutant concentrations in 10 low-energy school buildings in France[END_REF][START_REF] Canha | Assessment of ventilation and indoor air pollutants in nursery and elementary schools in France[END_REF][START_REF] Trocquet | Near Real-Time Monitoring of Formaldehyde in a Low-Energy School Building[END_REF][START_REF] Hu | Diurnal variation and potential sources of indoor formaldehyde at elementary school, high school and university in the Centre Val de Loire region of France[END_REF] or in Europe [START_REF] Madureira | Indoor air quality in Portuguese schools: levels and sources of pollutants[END_REF][START_REF] Brdarić | Indoor air pollution with benzene, formaldehyde, and nitrogen dioxide in schools in Osijek, Croatia[END_REF], as illustrated in Tables 1 and2.

With weekly values of formaldehyde concentration varying between 25.6 and 33.8 µg m -3 , the school 1 appears to be more polluted with data overlapping between domains of 0 -30 and 30 -50 µg m -3 . This domain of 30 -50 µg m -3 corresponds only to 8.8% -14% of the schools investigated by [START_REF] Michelot | Monitoring indoor air quality in French schools and day-care centers[END_REF] and [START_REF] Kirchner | Qualité de l'air et confort dans les écoles en France : premiers résultats de la campagne nationale Lara-Ibeas I[END_REF]. Such mean level of formaldehyde was already found in the literature by several studies in Europe [START_REF] Synnefa | An Experimental Investigation of the Indoor Air Quality in Fifteen School Buildings in Athens, Greece[END_REF][START_REF] Villanueva | Aldehyde Measurements in Indoor and Outdoor Environments in Central-Southern Spain[END_REF][START_REF] Villanueva | Indoor and outdoor air concentrations of volatile organic compounds and NO(2) in schools of urban, industrial and rural areas in Central-Southern Spain[END_REF][START_REF] Neamtiu | Assessment of formaldehyde levels in relation to respiratory and allergic symptoms in children from Alba County schools, Romania[END_REF]. Besides, [START_REF] Villanueva | Indoor and outdoor air concentrations of volatile organic compounds and NO(2) in schools of urban, industrial and rural areas in Central-Southern Spain[END_REF] showed that formaldehyde levels were higher in rural areas than those found in urban or industrial areas, demonstrating that outdoor air pollution do not affect its indoor concentrations.

Nevertheless, the concentrations measured in this work were much lower than those found by Air Breizh in 2014 in two schools [START_REF] Breizh | Poor air quality in classrooms related to asthma and rhinitis in primary schoolchildren of the French 6 Cities Study[END_REF] where concentrations were in the ranges 47.6 -59.5 and 112.0 -120.1 µg m -3 for their schools 1 and 2, respectively. Highly polluted classrooms by formaldehyde represent only between 1.8% and 3% of schools according to [START_REF] Michelot | Monitoring indoor air quality in French schools and day-care centers[END_REF] and [START_REF] Kirchner | Qualité de l'air et confort dans les écoles en France : premiers résultats de la campagne nationale Lara-Ibeas I[END_REF]. High concentrations of formaldehyde up to 94, 77.4, 126.9 and 66.2 µg m -3 were also found in the literature to be the maximum concentrations in French and European schools [START_REF] Synnefa | An Experimental Investigation of the Indoor Air Quality in Fifteen School Buildings in Athens, Greece[END_REF][START_REF] Izard | Air intérieur dans les écoles et crèches : Air intérieur dans les écoles et crèchesBilan des mesures 2009 -2011[END_REF][START_REF] Madureira | Source apportionment of CO2, PM10 and VOCs levels and health risk assessment in naturally ventilated primary schools in Porto, Portugal[END_REF][START_REF] Madureira | Indoor air quality in Portuguese schools: levels and sources of pollutants[END_REF][START_REF] Neamtiu | Assessment of formaldehyde levels in relation to respiratory and allergic symptoms in children from Alba County schools, Romania[END_REF]).

Considering only the usual time of formaldehyde measurement based on passive sampling, i.e., typically 4.5 days from Monday morning (9 AM) to Friday afternoon (4 PM), the resulting mean formaldehyde concentrations derived from the 10-min data were the following for the 3 last occupied weeks in the three studied schools: 30.9 ± 6.7 µg m -3 (week 3, S1); 24.1 ± 8.6 µg m -3 (week 4, S1); 27.5 ± 7.2 µg m - 3 (week 5, S1); 24.3 ± 7.3 µg m -3 (week 3, S2); 19.3 ± 6.2 µg m -3 (week 4, S2); 20.8 ± 7.4 µg m -3 (week 5, S2). All these mean values recalculated on a typical passive sampling period are in line with those ranging between 0 and 30 µg m -3 reported in 69% of least polluted schools by [START_REF] Kirchner | Qualité de l'air et confort dans les écoles en France : premiers résultats de la campagne nationale Lara-Ibeas I[END_REF].

Despite average formaldehyde concentrations that can be considered relatively acceptable in the studied schools if we consider an integrated time of 4.5 or 7 days, it appears that the continuous measurement can highlight peaks of pollution where the concentrations exceed not only 30 µg m -3 in two schools but also almost 50 µg m -3 in school 1 (up to 48.1 µg m -3 in week 3, Table 3). This later corresponds to the threshold value recommended by ANSES not to be exceeded for a short exposure of 2 hours to avoid any health trouble (ANSES 2007).

Continuous formaldehyde monitoring in various indoor environments

The previous study reporting continuous formaldehyde measurements in various indoor environments such as schools and university, firm offices or dwellings are summarized in Table 4. This table shows that only a few studies have used real-time instruments to monitor the indoor formaldehyde concentration [START_REF] Chiappini | Multi-tool formaldehyde measurement in simulated and real atmospheres for indoor air survey and concentration change monitoring[END_REF][START_REF] Carter | A coupled sensor-spectrophotometric device for continuous measurement of formaldehyde in indoor environments[END_REF][START_REF] Trocquet | Near Real-Time Monitoring of Formaldehyde in a Low-Energy School Building[END_REF], most of the investigations being performed using either passive or active sampling on DNPH tubes followed by HPLC/UV quantification as illustrated by Tables 1 and2. Note that the studies using low-cost sensors are not reported and discussed here, regarding their current limitations and more particularly to measure ppb level of formaldehyde without any interference.

Apart from the formaldehyde microanalyser used in this work or in [START_REF] Trocquet | Near Real-Time Monitoring of Formaldehyde in a Low-Energy School Building[END_REF], four other on-line techniques dedicated to airborne formaldehyde quantification were used in the previous field studies [START_REF] Chiappini | Multi-tool formaldehyde measurement in simulated and real atmospheres for indoor air survey and concentration change monitoring[END_REF][START_REF] Carter | A coupled sensor-spectrophotometric device for continuous measurement of formaldehyde in indoor environments[END_REF]): the portable commercialized INTERSCAN® 4,000 series analyser based on electrochemical titration; the CEA analyser using a nanoporous transparent matrix doped with Fluoral-p to form a product detected by fluorescence; the IRCELYON analyser based on formaldehyde uptake in a 3-methylbenzthiazolinone-2-hydrazone solution in acid media, and MBTH derivatization forming a blue cation UV detected using a liquid core waveguide; the Coupled Sensor-Spectrophotometric Device (CSSD) based on a chemical sensor element using porous glass impregnated with beta-diketone combined with spectrophotometric analysis [START_REF] Maruo | Development of formaldehyde sensing element using porous glass impregnated with beta-diketone[END_REF][START_REF] Carter | A coupled sensor-spectrophotometric device for continuous measurement of formaldehyde in indoor environments[END_REF].

All the on-line techniques report detection limits in the range 0.2 -5 µg m -3 , INTERSCAN® instrument being the less sensitive while the IRCE analyser [START_REF] Chiappini | Multi-tool formaldehyde measurement in simulated and real atmospheres for indoor air survey and concentration change monitoring[END_REF]) and the formaldehyde microanalyser deployed in this work and by [START_REF] Trocquet | Near Real-Time Monitoring of Formaldehyde in a Low-Energy School Building[END_REF] were the most sensitive (LOD = 0.2 µg m -3 ) if we except the instrument commercialized by AEROLASER and used by Hu et al. [START_REF] Hu | Diurnal variation and potential sources of indoor formaldehyde at elementary school, high school and university in the Centre Val de Loire region of France[END_REF]. These two instruments can operate with a time resolution of 5 min and 1 min, respectively. However, all these instruments have enough sensitivity to measure the formaldehyde levels usually encountered in indoor environments, which vary typically between 5 and 100 µg m -3 (see Tables 1 and2 and references therein). If the use of Fluoral-p or acetylacetone allows specific detection of formaldehyde, it is not the same for the MBTH used by IRCE analyser which is known to react with all aldehydes [START_REF] Eberhardt | A colorimetric procedure for the determination of aldehydes in seawater and in cultures of methylotrophic bacteria[END_REF][START_REF] Ramdzan | Development of a microfluidic paperbased analytical device for the determination of salivary aldehydes[END_REF]). In addition, porous media used by the CEA analyser and the CSSD [START_REF] Carter | A coupled sensor-spectrophotometric device for continuous measurement of formaldehyde in indoor environments[END_REF] are sensitive to humidity which can disturb the measurements and limit their use over very long periods.

The previous continuous real-time measurements were conducted in one given location over a limited duration varying between 2 and 10 days (see Table 4), compared to the present work conducted over a significantly longer period of 5 weeks where various scenarios could be investigated.

In 2010, Chiappini and coworkers used 3 different analytical methods to quantify formaldehyde in nearreal time: the portable commercialized INTERSCAN® instrument, the CEA analyser and the IRCE analyser [START_REF] Chiappini | Multi-tool formaldehyde measurement in simulated and real atmospheres for indoor air survey and concentration change monitoring[END_REF]). However, none of the investigated environments was simultaneously instrumented by the 3 devices which would have been ideal for comparison. Nevertheless, all the sites (firm office, house office, house dining room, house living room) were also monitored over 24-48 hours with the reference DNPH method using both passive and active sampling. Thus, only two real-time methods were compared on the same site (firm office), the other rooms being only monitored with INTERSCAN regarding on-line methods.

In the firm office, both CEA and IRCE analysers were tested, which was completely closed in the morning and whose door leading to the corridor was open in the early afternoon. Their average formaldehyde concentrations of 38 µg m -3 and 39 µg m -3 measured in the morning are in good agreement with the average values of 42 µg m -3 determined by means of active sampling with a DNPH tube conducted on several hours [START_REF] Chiappini | Multi-tool formaldehyde measurement in simulated and real atmospheres for indoor air survey and concentration change monitoring[END_REF]. Once the door was opened, the formaldehyde concentration dropped to 23 µg m -3 according to the reference method. The CEA analyser showed an instantaneous decrease when the door opens but the concentration measured by this device stabilized around only 8 µg m -3 , i.e., 3 times lower than the real concentration. The authors explained that the nanoporous thin film, which is hydrophilic, was filled with water. Such deviance has never been observed in the present work using the formaldehyde microanalyser whose values were always in very good agreement with the reference method (Figure SI.7). Conversely, the IRCE analyser did not reproduce the fast decay and exhibited a time shift of more than 1 hour, but its measurements stabilized around 27 µg m -3 which is only 17% higher than the reference method. On the contrary, the microanalyser used in this work and by [START_REF] Trocquet | Near Real-Time Monitoring of Formaldehyde in a Low-Energy School Building[END_REF] was fully able to monitor rapid changes of formaldehyde concentration due, for instance, to windows opening for weeks 3 to 5 when the occupants were present.

The measurements conducted using INTERSCAN®, took place in two different dwellings. Results were in good agreement with those obtained by active sampling on DNPH tubes, the relative standard deviation being in the range 7% -22% [START_REF] Chiappini | Multi-tool formaldehyde measurement in simulated and real atmospheres for indoor air survey and concentration change monitoring[END_REF]. For the monitoring performed in the house office and the house dining room, mean formaldehyde concentrations over 48 h were found to be 26 and 28 μg m -3 and 38 and 35 μg m -3 , for the reference method and INTERSCAN®, respectively. In fact, despite its lower sensitivity of 5 µg m -3 (see Table 4), the instrument INTERSCAN® appears to be relatively efficient with a very high time resolution of 30 s. However, it should be noted that many potential interferers (other aldehydes, alcohols, etc.) have been identified for this instrument (INTERSCAN 2020) based on an electrochemical measurement, which requires to be used with caution. [START_REF] Carter | A coupled sensor-spectrophotometric device for continuous measurement of formaldehyde in indoor environments[END_REF] reported also continuous monitoring in a real indoor environment. Unfortunately, the Coupled Sensor-Spectrophotometric Device was only compared with the reference DNPH method under laboratory conditions [START_REF] Carter | A coupled sensor-spectrophotometric device for continuous measurement of formaldehyde in indoor environments[END_REF]), and such comparison was not performed on the field where gaseous interferents could be present. In addition, the laboratory comparison exhibits a linear fit with a slope of 0.89 for the plot of CSSD values vs the ones obtained using the DNPH method, tending to prove that CSSD slightly underestimated the real formaldehyde concentrations. Such deviations with the DNPH reference technique were not observed for the formaldehyde microanalyser used in this work, neither under laboratory conditions where the comparison plot shows slopes in the range 0.98 -1.02 with R 2 values higher than 0.98 (Guglielmino et al. 2017a, b) nor during the field campaign (slope > 0.95, R 2 > 0.98) (Figure SI.7 and Trocquet et al. (2019)). In addition, with more meticulous analysis, their linear regression does not seem to go through the origin whereas the regression was forced by zero [START_REF] Carter | A coupled sensor-spectrophotometric device for continuous measurement of formaldehyde in indoor environments[END_REF]). Nevertheless, the CSSD was installed in two manufactured homes over the course of 5 days, with measurements recorded every 30 min. The formaldehyde concentrations showed considerable variability since they ranged from 20.8 to 64.8 µg m -3 (home 1) and from the value below the LOD to 79.5 µg m -3 (home 2). The average formaldehyde concentrations evaluated over 5 days were 41.8 ± 7.9 and 27.4 ± 13.1 µg m -3 in homes 1 and 2 respectively, where the quoted errors correspond to the standard deviation.

Using the same formaldehyde microanalyser as the one used in this work, [START_REF] Trocquet | Near Real-Time Monitoring of Formaldehyde in a Low-Energy School Building[END_REF] monitored formaldehyde concentrations over 10 days in a school recently built and equipped with programmable dual-flow ventilation. Formaldehyde was always detected and its concentration, varying from 2 to 25 μg m -3 , was strongly influenced by the ventilation status, with significant variations between day and night where ventilation was off [START_REF] Trocquet | Near Real-Time Monitoring of Formaldehyde in a Low-Energy School Building[END_REF]). In the same classroom, Rizk et al. demonstrated that formaldehyde was mainly emitted by the ceiling tiles, with an average emission rate of 22 ± 7.5 μg m -2 h -1 (Rizk et al. 2018b).

Very interestingly, [START_REF] Hu | Diurnal variation and potential sources of indoor formaldehyde at elementary school, high school and university in the Centre Val de Loire region of France[END_REF] monitored formaldehyde concentration in real-time over 2.5 weeks in two occupied classrooms located in two schools [START_REF] Hu | Diurnal variation and potential sources of indoor formaldehyde at elementary school, high school and university in the Centre Val de Loire region of France[END_REF]. They found that ventilation played a major role in the control of indoor formaldehyde concentration. After opening windows for 30 min, formaldehyde levels decreased by ~25% and 38% in the classroom at the elementary school and the high school, respectively. In addition, they provided an excellent correlation of both concentration-time profiles obtained with either an online formaldehyde analyser or the off-line reference method ISO 16000-3 using a DNPH tube, in which air was sampled every 2 hours on weekdays and every 6 hours on the weekends.

After having reviewed the studies in the literature, the present study is therefore the only one to have measured formaldehyde concentrations continuously with accurate real-time analytical means over a period greater than one month, in two schools in the same urban area located a few km from each other. In addition, this continuous measurement made it possible to quantify the relative contribution and impact of construction materials and furniture on the air quality of schools, as well as to study the effects of ventilation by opening windows according to three separate weekly scenarios. In the case of different ventilation scenarios, continuous measurement in real-time by an accurate analytical device allows a reliable calculation of the real exposure levels of children by only considering their occupation periods.

Conclusion

This study revealed building materials and furniture constitute major sources of formaldehyde emission in the two investigated schools.

Unlike conventional techniques typically based on a single weekly passive sampling, continuous measurements permit to identify potential concentrations peaks/drops related to various events in indoor environments. The weekly average values and the corresponding standard deviations are not significantly affected by the time resolution ranging between 2-s and 1 day. The present study demonstrated that a 10-min time resolution enabled to accurately describe the variations in formaldehyde concentrations indoors. Indeed, the rapid drops or increases were sufficiently well described by this time resolution, similarly to the native 2-s raw time step, whereas an hourly time step and a daily time resolution appear to be insufficient.

The continuous on-line measurements allowed to calculate the formaldehyde concentration related to the real presence of occupants and to successfully evaluate the efficacy of three different ventilation practices to improve the indoor air quality. Among them, the ventilation practices based on CO2 monitoring with integrated visual alarms to promote windows openings, appeared to be the most effective. Indeed, in this case, considering only the occupancy time of schoolchildren and teachers, the measured formaldehyde concentration was reduced significantly by 30 -34 % in both schools compared to the values obtained for the reference week.

Similar data treatment is of course not possible when using common analytical methods coupled with passive sampling over 4.5 or 7 days. However, the experimental approach used in the present work monopolizes a significant amount of equipment and energy, which permits to study only a limited number of schools unlike the use of passive samplers. Such approach requires several continuous formaldehyde analysers such as those cited in the introduction, i.e., AL42024, GASERA ONE, etc., allowing quantifying formaldehyde between 1 and 100 µg m -3 . To democratize this type of real-time measurement in many indoor environments (schools and other public places) in the future, low-cost sensors with similar analytical performances and at least 10-min time resolution are required. In addition, it would be interesting to trigger visible alerts on the formaldehyde microanalyser in case of excessive airborne formaldehyde levels, in the same way as for the CO2 sensor.

  and SI.6) and the linear correlations between the formaldehyde values reported by the two techniques are provided (Figure SI.7).

  and SI.10 on boxplots of weekly formaldehyde concentration over the 5 weeks in schools 1 and 2 obtained with various time steps, i.e., 2 seconds, 1 minute, 10 minutes, 1 hour and 1 day. Figures SI.9a -SI.9d and Figures SI.10a -SI.10d show that data are really similar when time steps of 2 s, 1 min, 10 min or even 1 h are used. Conversely, data averaged over a day (Figures SI.9e and SI.10e) do not accurately represent the concentration variations observed with the other time steps.
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