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Abstract 9 

Indoor air quality is affected by both emissions of Volatile Organic Compounds (VOC) from 10 

materials and ventilation. The purpose of this paper is to provide a multi-scale analysis of the 11 

impact of ventilation on VOC emissions to highlight the individual behaviours of VOCs 12 

emitted from a wood particleboard. Emissions were studied in an experimental chamber by 13 

(i) assessing the effect of ventilation on emission rates and (ii) determining intrinsic 14 

parameters (Ki, C0,i, Di) describing the VOC mass transfer from the material to air. The 15 

overall assessment of the effect of ventilation indicated that the air change rate could 16 

significantly affect the behaviour of individual compounds. Typically, the formaldehyde 17 

emission rate increased from 214.6 to 274.2 µg.m-2.h-1 when air change rate varies from 2.5 18 

to 5.5 h-1, whereas the air speed had no influence on emission rates for any VOC monitored. 19 

These results agree with the key emission parameters (partitioning and diffusion coefficients) 20 

which were higher for formaldehyde than those for other compounds. VOC diffusion related 21 

to VOC mass transfer from a material’s surface to the surrounding air was the limiting step in 22 

VOC emission for the solid material studied, and should therefore be considered when 23 

developing ventilation strategies. 24 
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1. Introduction 28 

Modern lifestyles and climate mean that people spend more than 80% of their time in indoor 29 

environments such as public transport, the home or workplace (Zhang et al., 2012). In these 30 

environments, internal sources of emissions are the major contributors to poor air quality. 31 

Among the large variety of indoor pollutants, Volatile Organic Compounds (VOCs) are the 32 

most studied, because of their ubiquity and their indisputable negative impacts on human 33 

health (Wolkoff and Nielsen, 2001). Although the indoor concentrations of VOCs are low – in 34 

the ppb range – the exposure profile tends to be chronic. Long-term exposure to VOCs can 35 

lead to skin irritation, dizziness, and tiredness, as well as damage to pulmonary function 36 

(Yoon et al., 2010). 37 

Among known prevention strategies, ventilation is usually recommended to reduce indoor 38 

VOC concentration. Indeed, these concentrations are simultaneously governed by both the 39 

sources of emission and the level of ventilation. Air change allows extraction and dilution to 40 

reduce the VOC concentrations from indoor sources (de Gennaro et al., 2014). However, if 41 

the ventilation is insufficient to balance indoor emissions, or if the incoming air is itself 42 

polluted, VOC concentrations tend to increase (Shang et al., 2016). To address the 43 

connection between ventilation and indoor air quality in stores, field measurement campaigns 44 

were carried out in a sports store under forced and natural ventilation conditions (Robert et 45 

al., 2018). Results indicated that, unlike other VOCs monitored, formaldehyde concentrations 46 

are not directly indexed on the ventilation condition. This result was supported by other 47 

studies, with Hun et al. (2010), Offermann and Hodgson, (2011) and Nirlo et al. (2014) 48 

reporting for equivalent real case studies showing a lack of correspondence between the 49 

concentration of formaldehyde and the air change rate (ACR). According to these references, 50 

a high ACR tends to promote VOC emissions, especially for formaldehyde, which may 51 

present a different behaviour compared to other VOCs. 52 

Contradictory trends can also be found in the literature: in their on-site studies, Hult et al. 53 

(2015) and Huang et al. (2017) report that the formaldehyde concentration negatively 54 
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correlates with the ventilation rate. In addition, some laboratory experiments conducted 55 

under controlled conditions show that the ventilation significantly affects VOC emission rates 56 

(Knudsen et al., 1999; Myers, 1982), with the air speed over the material’s surface having a 57 

marked impact (Hun et al., 2010; Knudsen et al., 1999). According to Hult et al. (2015), this 58 

effect of ventilation is related to a combination of (i) the ACR and (ii) the air velocity close to 59 

the material’s surface. The influence of ventilation on the resulting VOC concentrations or 60 

directly on the VOC emission rate has not been clearly established. Given their contrasting 61 

behaviour, VOCs should be individually considered when investigating emissions from solid 62 

materials. 63 

In addition, the mass transfers of VOCs are governed by elementary and mostly reversible 64 

mechanisms including convective mass transfer through the boundary layer, VOC diffusion 65 

within the solid material and, VOC sorption on the material’s surface, which is characterized 66 

by an equilibrium between the solid material phase and the carrier gas phase (Tiffonnet et 67 

al., 2006). Consequently, VOC emissions from a solid material are controlled by a 68 

combination of diffusion within the material and mass transfer across the boundary layer in 69 

various extents (Wolkoff, 1998). 70 

According to the literature, VOC emissions from a solid material can be described by three 71 

key emission parameters for a VOC i, at fixed temperature and relative humidity (RH) (Cox et 72 

al., 2010; Liu et al., 2013):  73 

(i) The partitioning coefficient Ki reflects the ability of VOC i to transfer from the adsorbed 74 

phase to the gas phase according to a reversible equilibrium relationship between 75 

the material and the air 76 

(ii) The initial emittable concentration C0,i (mg.m-3) corresponds to the initial concentration 77 

of VOC i within the material that is available for emission into the surrounding air 78 
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(iii) The diffusion coefficient within the solid material Di (m2.s-1) is described by the Fick’s 79 

second law, considering a constant one-dimensional diffusion of VOC i in a 80 

homogeneous material 81 

In specific ventilation conditions, the convective mass transfer coefficient hi for VOC i may 82 

also be needed to describe mass transfer through the boundary layer. This parameter can be 83 

determined using the theoretical equation proposed by Axley (1991). 84 

Ki, C0,I and Di can be experimentally determined by adapting protocols from the literature, 85 

generally under constant temperature and RH conditions. Most published experimental 86 

protocols address each parameter independently. For example, the multi-flushing extraction 87 

method can be used to determine C0,i (Smith et al., 2009), whereas the porosity test method 88 

determines Di (Xiong et al., 2008). Some experimental methods allow the two parameters to 89 

be simultaneously determined, such as the two-chamber method (Bodalal et al., 2000) and 90 

the micro-balance method (Liu et al., 2014). However, these approaches must be combined 91 

with other protocols to access the three key emission parameters. Only two methods to 92 

simultaneously determine the three parameters in a single experiment have been reported in 93 

the literature to date: (i) the C-history method (S. Huang et al., 2013) and (ii) the alternately 94 

airtight/ventilated emission method proposed by Zhou et al. (2018).  95 

Based on the study by Tiffonnet (2000), two complementary approaches for studying VOC 96 

emission phenomena can be considered:  97 

(i) The chamber scale approach monitors VOC concentration profiles emitted from a 98 

solid material placed in an experimental chamber under controlled experimental 99 

conditions. Based on the recorded profile, VOC emission rates can be calculated 100 

from the mass balance and the experimental conditions when the steady state is 101 

reached. This approach provides an overall characterization of the VOC emission 102 

process at macroscopic scale. 103 
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(ii) The material scale approach is based on the laws governing the mass transfer 104 

phenomenon and reflects the elementary mechanisms involved in the holistic 105 

interaction processes between a solid material and the air. The resulting VOC 106 

concentrations are expressed as a function of the physical parameters describing 107 

the state of the systems studied. Some of these parameters characterize the 108 

intrinsic proprieties of the material involved in the emission processes.   109 

The main purpose of this paper is to address individual VOC behaviour based on a detailed 110 

analysis of the impact of ventilation on emissions of target VOCs from a typical material. The 111 

chamber scale approach was used with a reduced-scale experimental chamber to study total 112 

VOC emissions. Then, the material scale approach was used to determine the inherent 113 

characteristics of the material that directly govern VOC transfers from the material to the 114 

surrounding air. Finally, the contribution of each approach was assessed, and their 115 

interactions were determined to improve our understanding of VOC emission phenomena. 116 

2. Materials and methods 117 

2.1. Experimental strategy 118 

2.1.1. Chamber scale approach 119 

Although the impact of ventilation on VOC emissions has been widely investigated in 120 

laboratory experiments, Knudsen’s group are one of the few to have highlighted an impact of 121 

air speed on VOC emissions from a solid material (Knudsen et al., 1999). However, the 122 

respective roles of the ACR and air velocity are not clearly discriminated in most 123 

experimental studies (Risholm-Sundman, 1999; Uhde et al., 1998; Wolkoff, 1998). The 124 

chamber scale approach consists in experimentally studying VOC emissions from a solid 125 

material using a ventilated experimental chamber, which allows independent control of the 126 

ACR and the air velocity over the material’s surface. The resulting concentrations and 127 

emission rates for the main VOCs, including formaldehyde, can thus be determined under 128 

non-identical ventilation regimes. By discriminating between the ACR and the air velocity, it 129 

was possible to highlight and assess their respective effect on VOC emission processes. 130 
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2.1.2. Material scale approach 131 

The two experimental protocols simultaneously determining the three key emission 132 

parameters provide equivalent accuracy and efficiency (S. Huang et al., 2013; Zhou et al., 133 

2018). Although experiments can be carried out over reasonable time scales, the C-history 134 

method (S. Huang et al., 2013) involves many intermediate parameters and complex data 135 

processing. Consequently, fluctuating experimental data may generate extensive deviations 136 

in the results. The method proposed by Zhou et al. (2018) was therefore preferred since it 137 

involves less data processing, despite requiring more experimental abilities than the C-138 

history method. The material scale approach used here consisted in determining the three 139 

key emission parameters for the main VOCs emitted by a solid material. The emission 140 

parameters are determined by adapting the experimental protocol developed by Zhou et al. 141 

(2018) to the experimental ventilated chamber used. 142 

2.2. Experimental setup 143 

2.2.1. Ventilated chamber 144 

All experiments were carried out in a 128-L aluminium ventilated experimental chamber with 145 

inner dimensions of 0.8x0.4x0.4 m (Figure 1). The inlet and outlet ports of the chamber 146 

present circular sections with a diameter of 0.04 m, and are located on opposite faces of the 147 

chamber. The main axes of the inlet and outlet ports are located in the centre of each face, at 148 

0.055 m from the top and 0.055 m from the bottom of the experimental chamber respectively. 149 

Flow of fresh air introduced into the chamber was controlled by BROOKS mass flow 150 

controllers, with an operation range of 0-20 L.min-1 ± 0.25%. The fresh air from the generator 151 

contained residual impurity levels below the resolution of the analytical device. The mass 152 

balance between the inlet and the outlet was ensured by a system composed of a mass flow 153 

controller and a vacuum pump to maintain a constant outlet flow equal to the inlet flow. Given 154 

this equilibrium between the inlet and the outlet airflow, the difference of pressure between 155 

the open atmosphere and the chamber was negligible. 156 
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The air temperature in the chamber was controlled by the laboratory’s temperature. This 157 

temperature is regulated by an air conditioning system set to 21 ± 0.5 °C. RH in the chamber 158 

was controlled by passing the incoming airflow through a column filled with water. The ratios 159 

of dry and water-saturated airflow rates introduced into the chamber could be adjusted to 160 

attain the desired RH. All experiments were performed at a RH of 50 ± 5 %. Temperature 161 

and RH conditions were continuously monitored using respectively a Pt 100 sensor with 162 

resolution of 0.1 °C and a capacitive sensor with resolution of 0.1 %RH from a KIMO probe 163 

placed inside the chamber. 164 

 165 

Figure 1. Experimental setup showing the 128 L aluminium ventilated chamber. 166 

A mixing fan was placed close to the ceiling of the chamber and oriented in the direction of 167 

the main axis of the inlet flow at 0.1 m from the inlet port. This fan, measuring 127x127x38 168 

mm, generated an airflow of 270 m3.h-1 at a nominal voltage of 12 V. The ACR was controlled 169 

by mass flow controllers, whereas the mixing fan regulated mixing of the air inside the 170 

experimental chamber.  171 

2.2.2. Selected material 172 

The sample used for this paper was a commercial wood particleboard (PB) with a waterproof 173 

coating, considered a model material. This material was chosen for its simple geometry, the 174 

diversity of VOCs it emits, and its wide use in indoor environments as well as because many 175 

studies have examined VOC emissions from construction materials. The 0.015-m-thick wood 176 

panel measuring 0.795x0.395 m was placed inside the experimental chamber with only one 177 

face of the panel exposed. PBs from the same batch were used for each series of tests. All 178 
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panels were packaged in plastic film and stored in a light-protected area in the air-179 

conditioned laboratory to avoid any VOC depletion as a result of passive emissions into the 180 

air.  181 

2.2.3. VOC monitoring 182 

The diversity of C6 – C16 VOCs and carbonyl compounds emitted from the PB in the air 183 

chamber was initially screened using off-line measurement methods. To do so, air samples 184 

were collected from the chamber onto DNPH and TENAX sorbent cartridges. DNPH 185 

cartridges were desorbed with acetonitrile and analysed using an UltraViolet – High 186 

Performance Liquid Chromatography (UV-HPLC) system. TENAX sorbent cartridges were 187 

thermally desorbed and analysed using a Thermal Desorption-Gas Chromatograph equipped 188 

with Flame Ionization and Mass Spectrometer detectors (TD/GC-FID-MS). Chromatographic 189 

analyses revealed that the main VOCs emitted from the PB were: acetone, acetaldehyde, 190 

formaldehyde, propanal, butanal, pentanal, hexane and mono-terpenoid compounds 191 

including α-pinene, β-pinene, limonene, 3-carene, camphene, and α-phellandrene. These 192 

VOCs were therefore specifically monitored in subsequent experiments. 193 

Throughout the emission vs. ventilation experiments, VOCs were monitored using an online 194 

Selected Ion Flow Tube – Mass Spectrometer (SIFT-MS). This instrument relies on the 195 

positive chemical ionization technique, but does not require specific sample preparation or 196 

pre-concentration. First, ions are formed by microwave discharge on wet air at low pressure. 197 

A first quadrupole alternatively selects H3O+, NO+ and O2
+ ions. Selected ions and analytes 198 

then enter the flow tube, where specific product ions are formed and separated according to 199 

their mass-to-charge ratio (m/z). These products are detected using a second quadrupole. 200 

Concentrations were calculated after calibration based on the signal intensity of each VOC 201 

with a resolution of 1 ppb. The limits of detection (LoD) of our analytical procedure were 202 

calculated from blank measurements, and are reported in Table 1. The reagent ions and 203 

product ions monitored for this study are listed in Table 1 for each VOC monitored. Since the 204 

principle of the mass spectrometry detector is to separate compounds according to their 205 
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mass, the mass resolution of the SIFT-MS device cannot discriminate between the different 206 

mono-terpenes emitted from the wood PB. “Terpene” was therefore hereafter used to 207 

designate all emitted terpenoid VOCs. 208 

Table 1. Reagent ions and specific ions used to monitor VOCs emitted from the PB. 209 

VOC Formaldehyde Acetone Acetaldehyde Propanal Butanal Pentanal Hexanal Terpenes 

Reagent 

ion 
H3O+ NO+ NO+ NO+ NO+ NO+ NO+ NO+ 

Specific 

ion 
CH3O+ NO+.C3H6O CH3CO+ C3H5O+ C4H7O+ C5H9O+ C6H11O+ C10H16

+ 

m/z 31 57 43 57 71 85 99 136 

LoD (ppb) 20 37 28 2 1 1 26 6 

Before placing the PB in the experimental chamber, the chamber was flushed with fresh air, 210 

and blank measurements were taken to determine the background VOC concentrations. 211 

SIFT-MS VOC monitoring started as soon as the material was placed inside the experimental 212 

chamber. An airflow rate of 25 mL.min-1 was continuously sampled from the centre of the 213 

chamber by the analytical device. The volume of gas sampled throughout emission 214 

experiments was typically less than 6% of the volume of the experimental chamber, and thus 215 

gas sampling was assumed not to affect the emission equilibrium. 216 

2.2.4. Aeraulic characterization of the chamber 217 

Ventilation can be characterized by two aspects: the ACR and the air velocity near to the 218 

material’s surface.  219 

The ACR corresponds to the rate at which indoor air is renewed by incoming fresh air. It is 220 

expressed as a number of volumes per hour (h-1). The ACR in our ventilated chamber, with 221 

an operation range of 0 - 18.75 h-1, was controlled by two BROOKS mass flow regulators. 222 

The air velocity near to the material’s surface is defined in the direction of the airflow along 223 

the PB. Air velocity profiles near the material’s surface had to be investigated and 224 

determined. Air velocities were measured using a TSI hot wire anemometer probe placed 0.5 225 

cm above the surface of the PB; it had a resolution of 0.01 m.s-1. First, the airflow was 226 
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established inside the chamber after replacing one of the lateral sides of the chamber by a 227 

wooden panel drilled at several points at the relevant distance from the bottom of the 228 

chamber to allow the probe insertion. The end of the probe was oriented in the direction of 229 

the airflow, parallel to the surface of the material to be measured. Air velocity measurements 230 

using the anemometer probe were performed in 15 separate locations above the material’s 231 

surface as shown in Figure 2-a. The air velocity profiles determined were then used to 232 

calculate an average air velocity at the surface of the material under various air mixing 233 

conditions. Figure 2-b presents an example of an air velocity profile near to the material’s 234 

surface. This profile is the result of measurement of five average air velocities near to the 235 

material’s surface: 0; 0.5; 1.0; 1.4, and 1.8 m.s-1. Note that the ACR has no effect on the air 236 

velocity over the material’s surface. Consequently, only the fan used to mix the air inside the 237 

chamber controls the air velocity over the material’s surface. 238 

 239 

Figure 2. (a) Top view schematic representation of the material surface, crosses represent 240 

locations where air velocity was measured, (b) example of air velocity profile near to the 241 

material’s surface as a function of air mixing at a constant ACR of 3.5 h-1. 242 

2.3. Experimental protocol for the chamber scale approach 243 

2.3.1. Characterizing the effect of ventilation on VOC emission rates 244 

To assess the effect of ventilation, it was necessary to examine how: (i) the air velocity near 245 

to the material’s surface, and (ii) the ACR affected emission rates for the VOCs emitted from 246 

the PB at 21 °C and 50% RH.  247 
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The first series of experiments assessed how the air velocity near to the material’s surface 248 

affected emission rates for the main VOCs. An ACR of 4.5 h-1 was set and the average air 249 

speeds over the material’s surface tested were: 0; 0.5; 1.0; 1.4, and 1.8 m.s-1 without 250 

changing the PB sample. The second series of tests assessed the impact of the ACR on 251 

emission rates for the main VOCs monitored. The average air velocity near to the material’s 252 

surface was 0.5 m.s-1, whereas the ACR was set to: 2.5; 3.5; 4.5, or 5.5 h-1. The PB sample 253 

was changed between experiments. 254 

The VOC concentration gradient between the material’s surface and the ambient air was 255 

monitored over time to allow VOC emission rates to be considered and compared under 256 

equilibrated conditions. Therefore, after loading the PB into the experimental chamber, 257 

concentrations were allowed to stabilize until changes no longer exceeded the corresponding 258 

measurement uncertainty. At this stage, the VOC dynamic equilibrium between the gas-259 

phase and the material’s surface was considered have been reached. Thus, the 260 

concentration of a given VOC at the dynamic equilibrium corresponds to the steady state 261 

concentration. The emission rate was deduced from this steady state concentration for VOC 262 

i, the ACR and the loading factor, as described in Equation 1. The steady state concentration 263 

corresponds to the average concentration measured over 20 min at least 1 h after reaching 264 

the VOC emission equilibrium. 265 

 266 

In Equation 1, Ei is the emission rate for VOC i (µg.m-2.h-1), N is the ACR (h-1), Css,i is the 267 

steady state concentration of VOC i (µg.m-3) and L is the loading factor for the emissive 268 

material (m2.m-3), which corresponds to the ratio between the exposed surface area (m2) and 269 

the air volume (m3). 270 

2.3.2. Characterizing variability between PB samples 271 

The PB samples used for each series of tests were from the same batch, but as the 272 

manufacturing process could introduce variability between PB samples, it was nevertheless 273 
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necessary to assess their heterogeneity. Heterogeneity between samples was assessed 274 

based on variations in the individual VOC emission rates between three samples; it was 275 

expressed as a standard deviation value. For these purposes, three experiments were 276 

performed at 21 °C, 50% RH and at an ACR of 4.5 h-1, changing the PB sample between 277 

experiments. 278 

2.3.3. Characterizing VOC depletion from the PB 279 

The chosen material acts as a source of VOCs throughout the all experiments, since mass 280 

transfer for the VOC occurs continuously from the solid bulk material to the air. Under 281 

ventilated conditions, gas-phase VOC concentrations at dynamic equilibrium tended to 282 

decrease gradually as a result of VOCs present in the solid material becoming depleted over 283 

time as a result of emission, since they are present in the material in finite quantities. This 284 

process is called material depletion and can be characterized by a depletion rate,  285 

expressed in h-1.  286 

Material depletion was assessed by performing a series of six consecutive, identical 287 

experiments with a single PB at an ACR of 4.5 h-1 under constant temperature ( 21 °C) and 288 

RH (50%). The PB was removed from the chamber and stored under plastic film between 289 

tests while flushing the chamber with fresh air. In each consecutive experiment, the VOC 290 

concentrations were determined once the steady state had been reached. The concentration 291 

profiles obtained in these experiments could be described as an exponential decay from 292 

which the depletion rate for a given VOC i  can then be determined. 293 

2.3.4. Characterizing the temperature effect 294 

According to Wolkoff (1998), temperature affects the emission rate for some VOCs but this 295 

temperature effect strongly depends on the type of material and the nature of the emitted 296 

VOC. According to the statistical analysis proposed by Liu et al. (2014), VOC emissions 297 

increased significantly at high temperature, as shown by the good agreement between the 298 

model-predicted concentration, based on diffusion within the solid material, and the gas-299 
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phase concentration measured. In contrast, Huangfu et al. (2019) clearly highlighted a linear 300 

relationship between the formaldehyde concentration over a 20 to 45 ppb range and an 301 

indoor air temperature ranging from 19 to 24 °C. 302 

Based on these observations, the influence of temperature on VOC emissions must be 303 

assessed. The effect of temperature on VOC emissions was examined in the steady state 304 

concentration regime under airtight conditions with a single material plate in conditions 305 

guarding against VOC depletion from the material, and to limit variability between samples. 306 

In these experiments, five temperatures from 19 to 28 °C were tested in a random order, by 307 

changing the temperature of the inlet air and the laboratory temperature after emissions had 308 

reached the steady state.  309 

From this experimental assessment, a relationship linking VOC concentrations under airtight 310 

conditions to temperature was determined. The influence of temperature on the VOC 311 

concentrations can be then characterized by the relative concentration enhancement of VOC 312 

i per degree Celsius, as described By Equation 2. 313 

 314 

Where Ci is the concentration of VOC i at a fixed temperature (ppb), Tmax is the maximum 315 

temperature in the range (°C), and Tmin is the minimum temperature in the range (°C). 316 

2.4. Experimental protocol for the material scale approach 317 

2.4.1. Principle of the experimental method used to determine the emission 318 

parameters: Ki, C0,i & Di 319 

The principle of the method proposed by Zhou et al. (2018) is based on the alternation of two 320 

states: (i) VOC emissions monitored under airtight conditions and, (ii) VOC emissions 321 

monitored under ventilated condition.  322 

In the first step, VOCs are emitted from the solid material of interest, placed in a clean 323 

experimental chamber, under airtight conditions, constant temperature, and RH. The source 324 
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material is left inside the experimental chamber until the emission equilibrium is reached for 325 

every VOC. The concentration of VOC i at equilibrium in the airtight container, expressed in 326 

mg.m-3, corresponds to the average concentration measured over 20 min at least 1 h after 327 

reaching the VOC equilibrium between the gas-phase and the material’s surface. Fresh air 328 

was then introduced into the experimental chamber at a constant airflow rate, with an ACR 329 

set to 2.35 h-1 to mark the beginning of the second step: monitoring of VOC emissions under 330 

ventilated conditions. When all VOC concentrations in the chamber had once again reached 331 

a concentration equilibrium, the ventilated step was considered finished and the setup was 332 

returned to the airtight condition. The solid material was subjected to a total of five airtight 333 

conditions and four ventilated conditions as reported in Figure 3. To assess the repeatability 334 

of this experimental method, three full experimental sequences were performed under the 335 

same experimental conditions.  336 

As illustrated in Figure 3, different VOCs emitted from the same material may exhibit distinct 337 

individual emission kinetics, especially under airtight conditions. Some VOCs can reach their 338 

steady state equilibrium within only 3-4 h, while others may need more than 10 h. These 339 

contrasting emission kinetics generate a time constraint when establishing the steady state in 340 

each experimental phase for all VOCs. Therefore, it was necessary to wait at least 10 h 341 

under airtight conditions to ensure that all VOCs had reached their respective steady states. 342 

The steady state for a given VOC is reached when the measured concentration of that VOC 343 

does not vary beyond its measurement uncertainty for a minimum of 20 min. 344 
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 345 

Figure 3. Theoretical plots of the successive emission states: (a) gas concentration (ppb) of 346 

VOC i illustrating a slow kinetic emission as a function of time; (b) gas concentration (ppb) of 347 

VOC j illustrating a rapid kinetic emission as a function of time. 348 

During the ventilated phases, the nature of the VOCs did not significantly influence the time 349 

required to reach the steady state because fresh air was constantly passing through the 350 

system. To ensure all VOCs have reached their steady state, it was necessary to wait from 4 351 

to 5 h under ventilated conditions. Note that the VOC concentration was considered to be at 352 

the steady state if it remained unchanged beyond the measurement uncertainty for at least 353 

one hour. 354 

2.4.2. Determining Ki and C0,i from experimental data by linear fitting 355 

After performing the multiple airtight and ventilated protocols, the concentration of VOC i 356 

reached at equilibrium during each airtight step and the total mass of VOC i emitted during 357 

ventilated periods were determined from the temporal concentration profiles for each VOC 358 

(Figure 3). For each ventilated state, the mass of VOC i emitted, expressed in mg, was 359 

calculated using the trapezoidal quadrature formulae.  360 

Henry’s law describes the transient and reversible equilibrium relationship between the gas 361 

phase concentration at equilibrium and the adsorbed phase concentration on the solid 362 

material. Based on this law, the general VOC mass balance inside the chamber for the 363 
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multiple airtight/ventilated emission states was used to develop the relationship between the 364 

VOC concentration at equilibrium and the mass of VOC emitted, including the partitioning 365 

coefficient and the initial emittable concentration. The general mass balance equation can be 366 

found in original publication of Zhou et al. (2018). Finally, the partitioning coefficient Ki and 367 

the initial emittable concentration C0,i were obtained for VOC i from the linear fitting of 368 

multiple sets of VOC concentrations at equilibrium, and the mass of VOC i emitted. 369 

2.4.3. Determining Di by solving analytical equations 370 

In addition to Ki and C0,i, the diffusion coefficient Di, expressed in m2.s-1, must be determined 371 

for VOC i. This parameter is calculated by non-linear fitting of the first experimental curve for 372 

airtight emission and analytical resolution of the equation of gas-phase VOC concentrations 373 

in an airtight chamber using the Ki and C0,i values determined previously, as proposed by 374 

Xiong et al. (2011). 375 

When characterizing the mass transfer for VOC i, the Biot number is included in the equation 376 

of the gas-phase VOC concentration in an airtight chamber. The Biot number corresponds to 377 

the ratio between the mass transfer inside the material and the mass transfer at the 378 

material’s surface; therefore, the convective mass transfer coefficient hi through the boundary 379 

layer at the surface-air interface for each VOC i, expressed in m.s-1, is included in the 380 

equation. According to Axley (1991), the convective mass transfer coefficient hi for VOC i can 381 

be theoretically calculated by applying Equation 3. This equation includes the Reynolds 382 

number and the Schmidt number, described by Equation 4 and Equation 5, respectively. 383 

 384 

For Re < 500,000 385 

 386 

 387 
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Where Re is the Reynolds number, Sc is the Schmidt number,  is the molecular diffusivity 388 

of VOC i in air outside the boundary layer (m2.s-1), U is the mean air velocity outside the 389 

boundary layer (m.s-1), L is the length of the surface in the direction of airflow (m) and ν is the 390 

kinetic viscosity of the air phase (m2.s-1). 391 

2.4.4. Method to estimate the molecular diffusivity of VOC i in air 392 

Calculation of the convective mass transfer coefficient, hi, for VOC i depends on the 393 

experimental conditions and on the molecular diffusivity coefficient of VOC i. This value must 394 

therefore be individually determined for each VOC. However, molecular diffusivity coefficient 395 

values were found for five VOCs in the GSI chemical database, except for pentanal, hexanal, 396 

and terpenes. Among the chemical property estimation methods present in the literature, the 397 

method proposed by Fuller et al. (1969) can be used to estimate the molecular diffusivity 398 

coefficient of a binary gas-phase system based on the molar weight and the atomic diffusion 399 

volume (Fuller et al., 1969, 1966; Fuller and Giddings, 1965). Based on an empirical 400 

relationship proposed by Fuller et al. (1969), Equation 6 was modified to estimate the 401 

molecular diffusivity coefficient δi for a given VOC i in air.  402 

 403 

In Equation 6, δi is the molecular diffusivity coefficient of VOC i in air (m2.s-1), T is the 404 

temperature (K), P is the pressure (Pa), Mi is the molar weight of VOC i (g.mol-1), Mair is the 405 

molar weight of air (g.mol-1) and  is the sum of atomic diffusion volume increments (cm3). 406 

The atomic diffusion volume increments were determined by performing regression analysis 407 

on extensive experimental data and are reported in Fuller et al. (1969). 408 

3. Results and discussion 409 

The following sections present the results of the study split into two main parts. The first part 410 

focuses on the chamber scale investigation with the prior assessment of VOC emission 411 

variability and the assessment of the influence of ventilation on VOC emissions. The second 412 
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part focuses on the material scale investigation, presenting the emission parameters 413 

describing the VOC mass transfer. 414 

3.1. Chamber scale investigation 415 

3.1.1. Assessing emission variability  416 

Before assessing the influence of ventilation on VOC emissions, it was necessary to 417 

determine the variability of VOC emissions, including (i) variability between samples, (ii) 418 

depletion of VOC from the material studied, and (iii) the influence of temperature on VOC 419 

emissions. 420 

3.1.2. Variability of emission rates between samples 421 

Emission variability was assessed by determining the standard deviation of the emission 422 

rates measured for three PB samples. For every VOC monitored and for the three PB 423 

samples, Table 2 lists the emission rates followed by the measurement uncertainties. The 424 

standard deviation related to the variability of the emission rate between samples was 425 

calculated for all VOCs. 426 

Table 2. Emission rates of VOCs (µg.m-2.h-1) and associated standard deviations (SD) 427 

determined from three series of experiments performed under the same conditions. 428 

Uncertainties correspond to the SD calculated from the concentrations measured. 429 

Ei 

(µg.m-2.h-1) 
Formaldehyde Acetone Acetaldehyde Propanal Butanal Pentanal Hexanal Terpenes 

Sample 1 223 ± 12 2887 ± 170 125 ± 14 18.3 ± 1.7 8.0 ± 1.0 17.0 ± 1.4 1082 ± 58 226 ± 16 

Sample 2 256 ± 14 3265 ± 193 141 ± 16 17.2 ± 1.6 8.0 ± 1.0 19.0 ± 1.5 1248 ± 67 305 ± 21 

Sample 3 234 ± 13 3214 ± 190 133 ± 15 17.2 ± 1.6 8.0 ± 1.0 19.0 ± 1.5 1209 ± 65 348 ± 24 

SD 16.9 205.1 7.7 0.6 0.1 1.1 86.8 62.3 

As reported in Table 2, the SD reflecting the variability of emission rates between PB 430 

samples from the same batch were less than 8%, except for terpenes, which has a 21.3% 431 

SD. The SD for formaldehyde, acetone, terpenes, and hexanal were all higher than the 432 

corresponding measurement uncertainties. The amounts of these VOCs present in the PB 433 

samples from the same batch presented a slight variability between samples. SD for 434 

acetaldehyde, propanal, butanal, and pentanal were lower than the measurement 435 
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uncertainties. The amounts of these VOCs into the PB samples can therefore be regarded as 436 

homogeneous. 437 

3.1.3. Contribution of natural depletion 438 

The characterization of VOC depletion from the material based on a series of six consecutive 439 

experiments on a single PB under identical experimental conditions is illustrated by the 440 

terpene concentration plotted over time, i.e. the depletion profile for terpenes, shown in 441 

Figure 4. 442 

  

ln
(C

)

 443 

Figure 4. (a) Terpene depletion profile determined from six consecutive experiments. (b) 444 

Linearized depletion profile for terpene. Uncertainties correspond to the standard deviation 445 

calculated from the concentrations measured. (T = 21 ± 0.5 °C, RH = 50 ± 5%, ACR = 4.5 h-1, 446 

surface air velocity = 0.5 m.s-1). 447 

Like this terpene depletion profile (Figure 4-a), all monitored VOCs followed an exponential 448 

decay profile that could be described with first order kinetics. These temporal profiles are in 449 

agreement with findings reported by Harb et al. (2018). Depletion rates expressed in h-1, 450 

were retrieved, for each VOC from the slope of the linearized temporal profiles (Figure 4-b). 451 
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Figure 5. Depletion rates for the eight VOCs monitored in the selected PB (h-1). 453 
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All VOCs were characterized by depletion rates within the same order of magnitude (Figure 454 

5). The lowest value was recorded for formaldehyde at 9.6 x 10-3 h-1, whereas other VOCs 455 

presented depletion rates exceeding 22.9 x 10-3 h-1. Considering the depletion rates 456 

measured for all VOCs, the VOC depletion of the PB is less than 2% over the 20 min 457 

required to determine the steady state concentration. 458 

The depletion rates reported here are one order of magnitude higher than those reported in 459 

Harb et al. (2018). This apparent discrepancy is probably mainly linked to differences in 460 

ventilation conditions. Indeed, we used an ACR of 4.5 h-1 in our experiments; whereas Harb 461 

et al. (2018) used a lower ACR of 0.3 h-1. The flushing of the air volume by the higher ACR 462 

increases the concentration gradient between the material’s surface and the air. Therefore, 463 

with a higher ACR, mass transfer of VOC from the material to the air increases due to the 464 

larger concentration gradient, and consequently the VOC is more rapidly depleted from the 465 

material.  466 

As the material depletion was significant over the timespan of the experiments investigating 467 

the influence of ventilation on VOC emission rates, the VOC concentration profiles obtained 468 

should be corrected using the depletion rate determined as detailed in Harb et al. (2018), 469 

using Equation 7. 470 

 471 

Where  is the corrected VOC i concentration (ppb),  is the measured VOC i 472 

concentration (ppb),  is the depletion rate for VOC i (h-1) and t is the time along the 473 

consecutive series of experiments (h).  474 

3.1.4. Effect of temperature on VOC concentrations 475 

The effects of temperature on the concentration of a given VOC are illustrated in Figure 6-a 476 

for formaldehyde. Uncertainties correspond to the SD calculated from the monitoring of 477 
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steady state concentrations. For each VOC, Figure 6-b shows the relative concentration 478 

enhancement per degree Celsius. 479 

 480 

Figure 6. (a) Steady state concentration of formaldehyde (ppb) as a function of chamber 481 

temperature (°C); (b) Relative concentration enchancement per degree Celsius (%) for each 482 

VOC monitored. 483 

As illustrated in Figure 6-a for formaldehyde, all VOCs presented a linear relationship 484 

between their steady state concentrations and the temperature in the chamber under airtight 485 

conditions over the temperatures range 19 to 28 °C. The sensitivity of VOC concentrations to 486 

temperature is represented by the relative concentration enhancement per degree. 487 

According to Figure 6-b, all VOCs were temperature-sensitive, with relative concentration 488 

enhancements between 6 and 9 %. 489 

The sensitivity of VOC emissions to temperature underscores the need to consider this 490 

parameter when setting up experimental tests, especially under unstable temperature 491 

conditions. From the relative concentration enhancement parameter (Equation 2), the 492 

concentration datasets can be corrected for temperature when the temperature fluctuates 493 

during experiments. However, it is not always necessary to correct data with respect to 494 

temperature, and VOC concentrations should only be corrected when large temperature 495 

variations occur, particularly in long-term experiments. 496 

According to the literature, the effect of RH on VOC emissions does not show any particular 497 

trends. Indeed, authors report a variable influence of RH on VOC emissions depending on 498 
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the VOC-material system considered (Colombo et al., 1993; L. Huang et al., 2013; Wolkoff, 499 

1998). When studying VOC emissions at different RH conditions, it appears required that 500 

selected materials undergo preliminary conditioning at the targeted RH to equilibrate the 501 

material surface and bulk to the corresponding RH before initiating any test. This preparation 502 

aims to avoid material absorption/release of moisture and maintain constant RH along 503 

experimental tests. Evaluating the effect of RH is complex since the material preparation may 504 

induce VOC depletion resulting in VOC emissions from the material. During experiments, 505 

variations in RH may affect the emission data obtained. Therefore, along our experiments, 506 

the RH remains constant in order not to bias any emission process. 507 

3.1.5. Influence of ventilation on VOC emission rates 508 

The chamber scale approach allowed us to study the effect of ventilation on VOC emission 509 

rates from the selected PB. The roles of air velocity over the material’s surface and ACR 510 

were dissociated. Their respective influence on VOC emission rates were investigated and 511 

are reported in this section. 512 

3.1.6. Specific influence of air velocity over the material surface on VOC 513 

emission rates 514 

The impact of changes in the air velocity near to the material’s surface on VOC emissions 515 

from PB was studied by determining the emission rates for VOCs when applying different air 516 

velocities over the material’s surface at a constant ACR. The corresponding data are 517 

reported in Figure 7. Since a single material sample was used for this series of tests, 518 

datasets were corrected to account for VOC depletion, assuming a constant depletion rate 519 

over the series of tests. 520 
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 521 

Figure 7. Emission rates (µg.m-2.h-1) for the eight main VOCs when applying different air 522 

velocities near to the material’s surface (m.s-1). Uncertainties correspond to the standard 523 

deviation calculated from the steady state concentrations measured. 524 

Among the VOCs monitored, acetone, hexanal and formaldehyde presented the highest 525 

emission rates, with values exceeding 280 µg.m-2.h-1; the emission rates for other VOCs 526 

were less than 75 µg.m-2.h-1. According to our data (Figure 7), the air velocity over the PB 527 

surface did not significantly affect emission rates for the eight VOCs monitored.  528 

In contrast to these results, some publications, such as Hun et al. (2010), suggested that the 529 

air velocity over the material’s surface could affect VOC emission. An increase in the air 530 

velocity would have affected VOC emissions if they were mainly controlled by the convective 531 

mass transfer across the boundary layer (Knudsen et al., 1999). The VOC emissions 532 

measured here with the selected PB can hence be considered mainly influence by diffusion 533 

within the solid material. The VOC emission from the solid materials has a variable sensitivity 534 

to the air velocity over the material’s surface depending on the predominant mechanism 535 

specific to each VOC-material pair.  536 
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3.1.7. Specific influence of the ACR on VOC emission rates 537 

The influence of the ACR on VOC emissions from PB is illustrated in Figure 8. The emission 538 

rates for VOCs were measured in the chamber under different ACR while applying a 539 

constant air velocity over the material’s surface. 540 

 541 

Figure 8. Emission rate (µg.m-2.h-1) for the eight main VOCs under different ACR (h-1) 542 

conditions. Inset: emission rates for formaldehyde as a function of the ACR. Uncertainties 543 

correspond to the standard deviation calculated from the steady state concentrations 544 

measured. 545 

As reported in Figure 8, the emission rates for seven VOCs were not significantly affected by 546 

changes to the ACR. In contrast, the formaldehyde emission rate increased by 28 % when 547 

the ACR varies from 2.5 to 5.5 h-1 that is significantly different compared to the variability 548 

between samples (7.1%). Propanal emission rates also showed a slight tendency to increase 549 

with the ACR, but overall emission rates remained lower than most other VOCs (< 20 550 

µg.m2.h-1). These results highlight the singular behaviour of formaldehyde regarding the 551 

ACR. An increase in ACR means that more fresh air is brought into the chamber. Since the 552 
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air velocity close to the emissive material was constant, this should create a stronger 553 

concentration gradient across the boundary layer (Offermann and Hodgson, 2011).  554 

As discussed above, the influence of air velocity on VOC emission rates suggests that VOC 555 

emissions from the selected PB, for the VOCs monitored, is mainly driven by their diffusion 556 

within the solid material. Unlike the other VOCs, formaldehyde emission was enhanced by 557 

increasing the concentration gradient from the material to the gas-phase, suggesting that 558 

formaldehyde emission is not limited by its diffusion in the material.  559 

Indeed, in addition to diffusing within the material, formaldehyde may be generated by 560 

hydrolysis of the PB binder, which could explain it enhanced emission rate as the ACR 561 

increases. Most composite wood panels are known sources of formaldehyde, as they are 562 

bonded with urea-formaldehyde (UF) resins (Kelly et al., 1999; Salthammer et al., 2010). 563 

These resins have a low resistance to hydrolysis (Dunky, 1998; Salthammer et al., 2010) as 564 

a result of the reversibility of the reaction between urea and formaldehyde (Dorieh et al., 565 

2019). Thus, the C-N bond in UF resins can be hydrolyzed in the presence of water vapour 566 

(Salthammer et al., 2010). This chemical process results in the release of free formaldehyde 567 

which contributes to the total formaldehyde emission from composite wood panels (He et al., 568 

2019). Moreover, He et al. (2019) report that binder hydrolysis to produce formaldehyde 569 

emission increases over time, becoming the predominant source of long-term emissions. In 570 

our experiments, the supply of humid fresh air appears to promote the hydrolysis of the 571 

binder and the formation of formaldehyde. However, the contribution of this process should 572 

be limited in our conditions, since the emission phenomena are regarded as short-term. 573 

3.2. Material scale investigation 574 

In contrast to the previous series of tests, each experimental protocol alternately analysing 575 

airtight/ventilated emission lasted for a full week. Over the course of these experiments, 576 

temperature varied in line with day-night cycles, with fluctuations from 20 to 25 °C. Maximum 577 

temperatures were measured during the day due to sunlight.  578 
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To account for these variations, a data correction was applied to concentration profiles using 579 

Equation 8, considering an identical influence of temperature on VOC emission in both 580 

steady state and transient conditions. 581 

 582 

In Equation 8, Ccorr,i is the temperature corrected concentration (ppb) of VOC i, Cexp,i is the 583 

experimental concentration (ppb) of VOC i, Tref is the reference temperature set at 21 °C, Texp 584 

is the experimental temperature and αi is the relative concentration enhancement of VOC i 585 

per degree Celsius, as described in Equation 2. Concentration profiles for VOCs were 586 

corrected for temperature variations using Equation 2 and Equation 8, setting a reference 587 

temperature of 21 °C. 588 

After performing the airtight/ventilated alternately emission experiments, corrected VOC 589 

concentrations were plotted. Figure 9 shows the examples of terpenes and formaldehyde. In 590 

this figure, the terpene concentration dynamic illustrates the behaviour of all targeted VOCs 591 

except formaldehyde, which was therefore represented separately.  592 

 593 

Figure 9. Comparison of the experimental concentration profiles for formaldehyde and 594 

terpenes (representing all other VOCs) (ppb). 595 
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All the experimental concentration profiles for VOCs were in agreement with the theoretical 596 

profiles shown in Figure 3. Figure 9 reveals two types of individual behaviour characterizing 597 

so-called ‘rapid’ and ‘slow’ kinetics, illustrated by formaldehyde and terpenes, respectively.  598 

With the exception of formaldehyde, all VOCs presented similar emission kinetics, with from 599 

5 to 15 h required to reach the steady state under airtight conditions. In addition, when 600 

switching from the airtight to the ventilated regime, a sharp decrease in concentration was 601 

observed with an average concentration drop exceeding 80% between the two regimes. The 602 

steady state concentration of terpenes under airtight conditions decreased from 490 to 75 603 

ppb within less than 4 h of switching from the airtight to the ventilated condition. 604 

In contrast, the concentration difference for formaldehyde between the airtight and ventilated 605 

regimes was lower than for other VOCs, with an average concentration drop of 45%. 606 

Noticeably, under ventilated conditions, formaldehyde maintained a concentration of ca. 175 607 

ppb throughout the experimental sequence. Similarly, under the airtight regime, the steady 608 

state concentrations of formaldehyde were equivalent from one series of measurements to 609 

the next. In contrast, the steady state concentrations of other VOCs gradually decreased as 610 

time progressed. 611 

Thus, compared to other VOCs, formaldehyde presents a singular behaviour in response to 612 

the ventilation regimes tested. This behaviour is in line with the results from the chamber 613 

scale approach. These findings suggest that the mechanisms driving formaldehyde emission 614 

could be quite different to those driving emission of the other VOCs monitored, as discussed 615 

above in relation to binder hydrolysis. 616 

3.2.1. Determining Ki and C0,i by linear fitting 617 

To determine the partitioning coefficient Ki and the initial emittable concentration C0,i, the 618 

experimental data for the three experiments was fitted with a linear function. Experimental 619 

partitioning coefficients are reported in Table 3; Table 4 lists initial emittable concentrations. 620 
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Uncertainties correspond to the standard deviation (SD) calculated from the three 621 

independent experiments.  622 

Table 3. Partitioning coefficient Ki of VOCs and associated standard deviation (SD) determined 623 

from three experiments performed under the same conditions. 624 

Ki Formaldehyde Acetone Acetaldehyde Propanal Butanal Pentanal Hexanal Terpenes 

Experiment 1 4380 211 180 193 312 273 313 113 

Experiment 2 4404 212 180 206 355 317 316 109 

Experiment 3 3184 225 198 267 357 305 287 110 

SD (%) 17.5 3.7 5.6 17.8 7.5 7.5 5.3 2.1 

All VOCs except formaldehyde had partitioning coefficients within the same order of 625 

magnitude. A considerably higher partitioning coefficient was measured for formaldehyde. 626 

Depending on the nature of the VOC, published values for the partitioning coefficients Ki 627 

varied from one hundred to several thousand (Xu and Zhang, 2011; Zhou et al., 2018). 628 

However, the partitioning coefficient values for formaldehyde presented here are consistent 629 

with results reported elsewhere (S. Huang et al., 2013; Xu and Zhang, 2011; Zhou et al., 630 

2018). 631 

For most of the VOCs investigated, uncertainties related to the partitioning coefficient were 632 

lower than 7.5%. Thus, acetone, acetaldehyde, hexanal, and terpenes had a lower SD than 633 

the corresponding measurement uncertainties, and uncertainties related to the variability 634 

between samples. Consequently, the partitioning coefficients determined for these VOCs are 635 

replicable. In contrast, the SD for butanal and pentanal were higher than the uncertainties 636 

related to the variability between samples, but lower than their measurement uncertainties. 637 

The uncertainties associated with the determination of their partitioning coefficients for these 638 

VOCs are thus mostly related to analytical uncertainties. 639 

Among the VOCs monitored, formaldehyde and propanal were the most variable compounds 640 

with respective uncertainties of 17.5 and 17.8%. Nonetheless, these uncertainties remain 641 

within the acceptable range. 642 
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Analysis of VOC depletion from the selected PB, characterized by the depletion rates, 643 

revealed that it tended to decrease when the partitioning coefficient increased. Thus, 644 

formaldehyde presented the highest partitioning coefficients (>3000) and the lowest depletion 645 

rate compared to other VOCs, and conversely, VOCs which had low partitioning coefficients 646 

(100 – 225), such as acetone, acetaldehyde, and terpenes, presented the highest depletion 647 

rates.  648 

Under ventilated conditions, the continuous flushing of the air volume eliminates gas-phase 649 

VOC from the chamber, which sustains the VOC mass transfer from the material to the air, 650 

controlled by the partitioning coefficient Ki. VOC depletion thus occurs, leading to a gradual 651 

decrease in the concentration of the compound as the emission process progresses. For 652 

compounds with a high Ki,such as formaldehyde, the relative concentration difference 653 

between the air and the material is also high. Consequently, the amount of VOC removed 654 

from the air of the chamber is low compared to the amount of VOC present within the PB, 655 

which implies a limited depletion phenomenon and a low depletion rate. In contrast, for 656 

compounds with a low Ki, the relative concentration difference between the air and the 657 

material is also low. In these cases, the amount of VOC eliminated with the air from the 658 

chamber is significant compared to the amount of VOC contained in the PB, resulting in 659 

notable depletion and a high depletion rate. 660 

Table 4. Initial emittable concentration C0,i (mg.m-3) of VOCs and associated standard deviation 661 

(SD) determined from the three series of experiments performed under the same conditions. 662 

C0,i Formaldehyde Acetone Acetaldehyde Propanal Butanal Pentanal Hexanal Terpenes 

Experiment 1 1545 2484 105 22.6 12.4 33.7 2261 354 

Experiment 2 1729 3188 127 28.2 15.9 43.6 2611 409 

Experiment 3 1257 3988 119 21.1 14.7 40.5 2270 411 

SD (%) 15.7 23.4 9.3 15.6 12.3 12.8 8.4 8.3 

Formaldehyde, acetone and hexanal had the highest initial emittable concentrations in our 663 

sample C0,i (>1200 mg.m-3), whereas other VOCs presented C0,i of less than 420 mg.m-3. Our 664 

initial emittable concentrations C0,i agree with literature data (S. Huang et al., 2013; Zhou et 665 
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al., 2018). However, it should be noted that literature data for C0,i are spread over very broad 666 

ranges, since the initial emittable concentration  depends on the type of material and its 667 

history. History of material correspond to combination of events occurring, storage duration 668 

and environmental conditions to which materials are subjected between manufacture and 669 

acquisition. For instance, formaldehyde presents an average initial emittable concentration of 670 

17,000 mg.m-3 with an SD of 100% for different building materials (S. Huang et al., 2013; 671 

Zhou et al., 2018). Although the VOCs monitored presented uncertainties related to the 672 

determination of C0,i that were higher than those for the partitioning coefficient Ki, their 673 

respective uncertainties remained less than 23.4 %.  674 

3.2.2. Determining Di by solving of analytical equations 675 

After determining Ki and C0,i, the diffusion coefficient Di was calculated by solving the 676 

analytical equation for the gas-phase VOC concentration in the airtight mode (Xiong et al., 677 

2011). The VOC diffusion coefficients within the solid material Di were determined by fitting 678 

the result of the solution of the analytical equation and the first experimental concentration 679 

profile under airtight conditions. VOC diffusion coefficients Di determined from each 680 

experiment are reported in Table 5. 681 

Table 5. Diffusion coefficients Di (m2.s-1) for VOCs determined from the three experiments 682 

performed under the same conditions. 683 

Di (m2.s-1) Formaldehyde Acetone Acetaldehyde Propanal Butanal Pentanal Hexanal Terpenes 

Experiment 1 2.5x10-8 3.0x10-9 5.0x10-9 2.0x10-9 1.5x10-9 1.5x10-9 3.0x10-9 8.0x10-8 

Experiment 2 2.5x10-8 3.0x10-9 4.0x10-9 3.0x10-9 1.0x10-9 1.5x10-9 3.0x10-9 5.0x10-8 

Experiment 3 3.0x10-8 1.5x10-9 2.0x10-9 1.5x10-9 1.0x10-9 1.0x10-9 1.0x10-9 2.0x10-9 

SD (%) 10.8 34.6 41.7 35.3 24.7 21.7 49.5 89.4 

VOC diffusion within the solid material depends on the porosity of the material and on the 684 

nature of the given VOC. The extensive diversity of building materials studied in the literature 685 

results in Di values ranging from 1.0x10-10 to 1.0x10-6 m2.s-1 (S. Huang et al., 2013; Xu and 686 

Zhang, 2011). According to the results presented in Table 6, formaldehyde had the highest 687 

diffusion coefficient, with values ranging from 2.5x10-8 to 3.0x10-8 m2.s-1, which is in 688 
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agreement with published data (Xiong et al., 2008). The diffusion coefficients determined for 689 

other VOCs varied from 1.0x10-9 to 5.0x10-9 m2.s-1.  690 

Apart from terpenes, for which variable diffusion coefficient values were measured, with an 691 

SD of 89.4%, the diffusion coefficients measured in the three experiments for all VOCs were 692 

quite similar, with SD of less than 49.5%. The results for terpenes could be explained by their 693 

higher variability between PB samples compared to other VOCs. Indeed, variations in 694 

terpene emission rates between PB samples would significantly affect the first concentration 695 

profile under the airtight conditions used to determine the diffusion coefficient Di, resulting in 696 

more scattered diffusion coefficient values for terpenes. 697 

According to the data presented in Table 5, formaldehyde once again differs from the other 698 

VOCs monitored. Based on the results of this study, the enhanced formaldehyde emission 699 

rate as a function of the ACR could be explained by the following three hypotheses: (i) 700 

Subject to the dynamic equilibrium concentration between the material and the air, the VOC 701 

mass transfer needs to be strengthened if we are to satisfy this balance when the ACR 702 

increases. As VOC emissions from the PB appears to be mainly driven by their diffusion 703 

within the solid material, the diffusion process must contribute to formaldehyde emission 704 

differently compared to the other VOCs monitored. In the case of formaldehyde, its high 705 

diffusion within the material allows a continuous supply to reach the material’s surface. In 706 

contrast, the material’s surface is less supplied with other VOCs due to their slower diffusion 707 

within the solid material. Given the low rate of transport of VOCs to the material’s surface by 708 

diffusion, the amount of VOCs emitted from the material-air interface is limited. In this case, 709 

the maximal emission capacity for VOC emission is restricted by the diffusive supply of VOC 710 

and is not influenced by the ACR. In this scenario, diffusion of the VOC within the solid 711 

material is the phenomenon limiting emission from the material studied. (ii) For all VOCs 712 

monitored, including formaldehyde, diffusion within the solid material is the phenomenon 713 

limiting emissions. The enhanced formaldehyde emission rate when the ACR increases 714 

could be explained by hydrolysis of binding resin leading to the release of formaldehyde (He 715 
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et al., 2019). This hydrolysis may be promoted by the water present in the fresh air entering 716 

the chamber. Formaldehyde formation as a result of resin hydrolysis would continuously 717 

supply formaldehyde for emission (C0), especially at the material’s surface. (iii) A 718 

combination of the two previous hypotheses – formaldehyde diffusion within the material is 719 

high supplying the material’s surface, and the PB resin is continuously hydrolysed to 720 

generate formaldehyde – could explain the enhanced formaldehyde emission rate in the high 721 

ACR conditions. 722 

Although the analytical equation was solved for an airtight chamber, the convective mass 723 

transfer coefficient through the boundary layer hi appears in the equation, since the mixing 724 

fan induced a convective airflow inside the chamber. However, some difficulties in the 725 

determination of Di were encountered due to an unrealistic convective mass transfer 726 

coefficient. This parameter did not provide a satisfactory correlation between the 727 

experimental curve and the solution to the analytical equation. Axley (1991) indicates that the 728 

convective mass transfer coefficient hi can be calculated using theoretical equations based 729 

on ideal cases. These equations mainly depend on two unreliable parameters: the mean fluid 730 

velocity near to the material’s surface (U) and the length of the surface in the direction of the 731 

flow (L). U and L can vary considerably from one case to another. Therefore, the convective 732 

mass transfer coefficients must be calculated once again using U and L values that agree 733 

better with all the VOCs studied from Equation 3. In this paper, hi only depended on the 734 

molecular diffusivity of the VOCs in air. All convective mass transfer coefficients are reported 735 

in Table 6. 736 

Table 6: Convective mass transfer coefficients hi for the eight VOCs emitted from the selected 737 

PB (m.s-1). 738 

i Formaldehyde Acetone Acetaldehyde Propanal Butanal Pentanal Hexanal Terpenes 

hi (m.s-1) 1.61x10-4 1.26x10-4 1.26x10-4 1.12x10-4 1.01x10-4 9.41x10-5 8.84x10-5 7.66x10-5 

According to several publications (Zhang and Niu, 2004, 2003; Zhang et al., 2018, 2003), 739 

convective mass transfer usually varies from 1.0x10-4 to 1.0x10-2  m.s-1 for building materials. 740 

Compared to published hi values, the VOCs emitted from our PB present low convective 741 
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mass transfer coefficients (Table 6). Since convective mass transfer through the boundary 742 

layer is affected by the airflow over the material surface, especially its velocity, the low hi 743 

values could explain the negligible impact of the air velocity over the material’s surface on 744 

VOC emissions reported above. These low convective mass transfer coefficients corroborate 745 

the hypothesis that VOC emissions from the PB studied here are mainly controlled by their 746 

diffusion within the material. 747 

If Equation 3 is reworked to a different form using Equation 5, the positive correlation 748 

between the convective mass transfer coefficients hi and the molecular diffusion in air δi can 749 

be highlighted. Since molecular diffusion in air is negatively correlated with molar weight 750 

according to Equation 6, it results in negative correlation relationship between the coefficient 751 

hi and molar weight. Thus, it can be observed that the convective mass transfer coefficient hi 752 

is negatively correlated with the molar weight of VOCs. Among the VOCs monitored, 753 

formaldehyde had the lowest molar weight, at 30.03 g.mol-1 and the highest convective mass 754 

transfer coefficient. Conversely, terpenes had the lowest convective mass transfer coefficient 755 

and the highest molar weight (136.24 g.mol-1). 756 

4. Conclusion 757 

With a view to reducing VOC concentrations in indoor environments, ventilation is known to 758 

have a significant effect on VOC emissions. However, ventilation could differentially affect 759 

the behaviour of individual VOCs emitted from a single solid material. To understand the 760 

physical phenomenon of VOC emission, in this study, the individual behaviours of VOCs 761 

were assessed using two distinct scales of study. Firstly, the respective impacts of air 762 

velocity and the ACR on VOC emissions were measured. This overall assessment of the 763 

influence of ventilation highlighted the non-conformist behaviour of formaldehyde with 764 

respect to the ACR even through changes to the speed of the air flowing over the material’s 765 

surface did not significantly alter the emission rates for any of the VOCs studied. By 766 

determining the key emission parameters (Ki, C0,i, Di) for the VOCs studied, we discovered 767 

that formaldehyde had higher partitioning and diffusion coefficients than the other 768 
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compounds. These significant differences in diffusion and partitioning coefficients between 769 

formaldehyde and other VOCs allowed us to propose physical interpretations of the data 770 

related to the specific influence of the ACR on the formaldehyde emission rate. VOC 771 

emissions are mainly controlled by the VOC’s diffusion within the material, which is the 772 

limiting process in VOC emission for our solid material. When the ACR increased, the 773 

formaldehyde emission rate was enhanced due to its higher diffusion and partitioning 774 

coefficients compared to other VOCs. A detailed sensitivity analysis of the experimental 775 

method should be carried out to assess the quality of the data obtained. This analysis would 776 

be worth a full paper. 777 

The influence of environmental parameters on VOC emissions will need to be further 778 

investigated as temperature has been observed to have a significant effect on overall VOC 779 

emissions at chamber scale. The influence of the environmental conditions (temperature and 780 

RH) on key emission parameters (Ki, C0,i, Di) should then be assessed at material scale. 781 

Since the impact of environmental parameters on emission parameters has not been 782 

extensively documented, with data only available for formaldehyde, relationships between 783 

environmental parameters and each emission parameters could be proposed for several 784 

VOCs emitted from a single solid material. 785 

This paper provides new insight into the mechanisms governing VOC emissions. Moreover, 786 

some VOCs were shown to display unique behaviour with respect to ventilation, in particular 787 

formaldehyde. This observation underlines the need to individually consider the VOCs 788 

monitored when investigating their emission rates from solid materials in indoor 789 

environments. Finally, the enhanced formaldehyde emission rate as a function of the ACR 790 

calls for care to be taken and for the singular behaviour of formaldehyde to be considered 791 

when establishing indoor air quality prevention strategies based on ventilation. 792 
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