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ABSTRACT 

Semi-volatile organic compounds (SVOCs) are present in the gas phase, particulate phase and 

settled dust in the indoor environment, resulting in human exposure through different pathways. 

Sometimes, SVOCs are only measured in a single phase because of practical and/or financial 

constraints. A probabilistic method proposed by Wei et al. for the prediction of the SVOC 

concentration in the gas phase from the SVOC concentration in the particulate phase was extended 

to model the equilibrium SVOC concentrations in both the gas and particulate phases from the 

SVOC concentration measured in settled dust. This approach, based on the theory of SVOC 

partitioning among the gas phase, particulate phase, and settled dust incorporating Monte Carlo 

simulation, was validated using measured data from the literature and applied to the prediction of 

the concentrations of 48 SVOCs in both the gas and particulate phases in 3.6 million French 

dwellings where at least one child aged 6 months to 6 years lived. The median gas-phase 

concentration of 15 SVOCs, i.e., 5 phthalates, 2 organochlorine pesticides, 4 polycyclic aromatic 

hydrocarbons (PAHs), 2 synthetic musks, dichlorvos, and tributyl phosphate, was found to be 

higher than 1 ng/m3. The median concentration of 5 phthalates in the particulate phase was higher 

than 1 ng/m3. The impacts of some physical parameters, such as the molar mass and boiling point, 

on the SVOC partitioning among the different phases were quantified. The partitioning depends 

on the activity coefficient, vapor pressure at the boiling point, entropy of evaporation of the 

SVOCs, and the fraction of organic matter in particles. Thus, the partitioning may differ from one 

chemical family to another. The empirical equations based on regressions allow quick estimation 

of SVOC partitioning among the gas phase, particulate phase, and settled dust from the molar mass 

and boiling point. 
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1. INTRODUCTION 

Indoor semi-volatile organic compounds (SVOCs) are present in the gas phase, particulate phase 

and settled dust (Blanchard et al., 2014). The SVOCs in these different phases contribute to human 

exposure through different pathways, e.g., inhalation, ingestion and dermal exposure (Bekö et al., 

2013; Pelletier et al., 2017). SVOCs are sometimes measured in only a single phase, e.g., in a 

French nationwide survey, the concentrations of 48 SVOCs were measured in settled dust sampled 

from 145 dwellings located all over France (Mandin et al., 2013). Thus, to assess human exposure, 

the SVOC concentrations in the other phases need to be estimated from the concentration in the 

measured phase according to SVOC partitioning theory (Weschler and Nazaroff, 2008). 

Pankow proposed a model addressing the equilibrium partitioning of SVOCs between the gas and 

particulate phases (Pankow, 1994). This model was based on the SVOC partitioning theory 

characterized by the SVOC particle/gas partition coefficient, which was calculated from the 

saturation vapor pressure (𝑝L
0) of the SVOCs. Weschler and Nazaroff proposed two equations to 

address the equilibrium partitioning of SVOCs among the gas phase, particulate phase, and settled 

dust (Weschler and Nazaroff, 2010). The particle/gas and dust/gas partition coefficients (Kp and 

Kd) of SVOCs were calculated from the SVOC octanol/air partition coefficients (Koa). Moreover, 

Takeuchi et al. studied the concentrations of 34 SVOCs in the gas and particulate phases in 6 
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houses in Japan and observed an impact of the SVOC molar mass on the partitioning of SVOCs 

between the gas and particulate phases (Takeuchi et al., 2014). 

Based on SVOC partitioning theory, Wei et al. proposed a probabilistic approach to predict the 

distribution of the equilibrium SVOC concentrations in the gas phase from the concentrations in 

the particulate phase while considering the uncertainty in the input parameters (Wei et al., 2017a). 

This probabilistic approach using Monte Carlo simulation considers the distribution of Kp and Kd 

from Koa and 𝑝L
0 for each SVOC and the influence of temperature on Kp and Kd. This approach was 

applied to estimate the concentrations of 66 SVOCs in the gas phase in French dwellings from 

their 1-week average concentrations in the particulate phase. The study concluded that the 

probabilistic approach is robust and timesaving for the prediction of a large dataset of indoor 

SVOC concentrations. 

The objectives of the present study were (1) to extend the probabilistic approach to the estimation 

of SVOC concentrations in the gas and particulate phases in French dwellings at a nationwide 

scale from their measured concentrations in settled dust and (2) to study the influence of the 

physical parameters of SVOCs, such as the molar mass, boiling point, Koa, and 𝑝L
0, on the SVOC 

partitioning among the gas phase, airborne particles and settled dust. 
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2. MATERIALS AND METHODS 

2.1. SVOC partitioning theory 

The equilibrium partitioning of SVOCs among the gas phase (Cg), particulate phase (F) and settled 

dust (Cd) in the indoor environment can be characterized as follows (Weschler and Nazaroff, 

2010).  

𝐶g =
𝐹

𝑇𝑆𝑃 × 𝐾p
 

(1) 

𝐶g =
𝐶d
𝐾d

 
(2) 

where TSP (µg/m3) is the concentration of the total suspended airborne particles; 𝐾p and 𝐾d have 

units of m3/µg and m3/g, respectively; and Cg, F and Cd have units of µg/m3, µg/m3 and µg/g, 

respectively. Combining Eqs. (1) and (2), the relationship between F and Cd becomes 

𝐹 =
𝐶d × 𝑇𝑆𝑃 × 𝐾p

𝐾d
 

(3) 

Therefore, Cg and F can be predicted at equilibrium from Cd using Eqs. (2) and (3), respectively. 

A probabilistic method proposed by Wei et al. was originally applied to predict Cg from F using 

Eq. (1) (Wei et al., 2017a). This method, which is suitable for predicting the distribution of Cg for 

a large dataset under the assumption of the equilibrium partitioning of SVOCs among different 

phases, uses Monte Carlo simulation to account for uncertainty in the physical input parameters. 

To calculate Cg, F and TSP were retrieved from 1-week integrated measurements in dwellings 

(Mandin et al., 2016) at conditions assumed to be close to equilibrium, and the distribution of Kp 

for a given SVOC was determined from a number of estimates (Wei et al., 2016a). The influence 
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of the indoor temperature on the distribution of Kp was taken into account in the calculation (Wei 

et al., 2016b). This method was extended in the present study to predict Cg and F from Cd. The 

parameters, i.e., Cd, Kp, Kd, and TSP, for the prediction are described in detail as follows. 

 

2.2. SVOC concentrations in the settled dust of French dwellings 

Mandin et al. measured the concentration Cd of 48 SVOCs in the settled dust of French dwellings 

(Mandin et al., 2013). Dust samples were collected from 145 dwellings located all over France 

from October 2008 to August 2009. The dust sample for each dwelling was collected from the 

household vacuum cleaner bag, which is a mixture of the settled dust from different parts of the 

dwelling. Therefore, the measured Cd is the average concentration in the dwelling. The dwellings 

were randomly selected to constitute a representative sample of dwellings where at least one child 

aged 6 months to 6 years lived. The 48 SVOCs measured in the settled house dust included 

organochlorine pesticides (n=7), organophosphorus pesticides (n=3), pyrethroids (n=4), 

polychlorinated biphenyls (PCBs, n=10), phthalates (n=6), polybrominated diphenyl ethers 

(PBDEs, n=9), synthetic musks (n=2), polycyclic aromatic hydrocarbons (PAHs, n=5), bisphenol 

A, and tributyl phosphate. 

 

2.3. Distributions of Kp and Kd and the influence of temperature 

Kp and Kd were calculated from 𝑝L
0 and/or Koa. To avoid bias in the calculated Kp and Kd, Wei et 

al. proposed the calculation of the distributions of Kp and Kd using 38 different equations retrieved 

from the literature (Wei et al., 2016a). These equations generally considered 25 °C as the reference 

ACCEPTED MANUSCRIPT



AC
CEP

TE
D M

AN
USC

RIP
T

 

7 
 

temperature. The distributions of Kp and Kd for 72 SVOCs, including the 48 SVOCs in the present 

study, were presented in detail elsewhere (Wei et al., 2016a). 

The indoor temperature impacts Kp and Kd, thereby influencing the partitioning of SVOCs among 

the different phases. The relationship between Kp and the indoor temperature is described as 

follows (Wei et al., 2016b). 

log10 𝐾p2 =
Δ𝐻

2.303𝑅
(
1

𝑇2
−
1

𝑇1
) + log10

𝑇2
𝑇1
+ log10𝐾p1 (4) 

where T1 and T2 are the reference (298.15 K) and indoor (K) temperatures, respectively; Kp1 and 

Kp2 are the particle/gas partition coefficients at the reference and indoor temperatures, respectively; 

R (8.314 J/(mol K)) is the ideal gas constant; and ΔH (J/mol) is the phase-change enthalpy of 

evaporation for the SVOCs. This equation was originally developed to address the relationship 

between the indoor temperature and Kp and is assumed to be applicable to the relationship between 

the indoor temperature and Kd for the present study because airborne particles and settled dust can 

exchange mass via both deposition and resuspension (Shi and Zhao, 2012). 

The indoor temperature was not measured in the 145 French dwellings where the Cd of the 48 

SVOCs was measured. However, indoor temperatures were available from 567 randomly selected 

French dwellings (Langer et al., 2016). These measurements were carried out continuously over 

the course of seven days in each dwelling, both in the living room and bedroom. The weekly 

average temperature in both rooms was calculated. The distribution of the indoor temperature in 

the French dwellings was determined using XLSTAT 2014 software (Addinsoft, Paris, France) in 

the present study. The arithmetic mean (±standard deviation) and median 1-week average indoor 

temperatures in the French dwellings was (20.9±2.45) °C and 20.8 °C, respectively, with a 
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maximum of 29.3 °C and a minimum of 13.1 °C. The indoor temperatures could be fitted into a 

normal distribution (Fig. S1 in the supporting information). The p-value of the Kolmogorov-

Smirnov test of the measured and fitted values was 0.46, indicating that the difference between the 

measured and fitted values was not significant. 

 

2.4. TSP concentration in the French dwellings 

The TSP concentration was not measured in the 145 dwellings where the settled dust 

concentrations of the 48 SVOCs were measured. However, the indoor PM10 concentration was 

obtained in 285 randomly selected French dwellings (Brown et al., 2015). The distribution of the 

measured indoor PM10 concentrations was determined using XLSTAT 2014 software and was 

assumed to be the distribution of TSP for the present study. The arithmetic mean (± standard 

deviation) and median PM10 concentration in the French dwellings was (54±65) µg/m3 and 31 

µg/m3 respectively, with a maximum of 553 µg/m3 and a minimum of 1.6 µg/m3. The indoor PM10 

concentration differed largely from one dwelling to another because of occupants’ activities, such 

as smoking. The indoor PM10 concentrations could be fitted to a log-normal distribution (Fig. S2 

in the supporting information). The p-value of the Kolmogorov-Smirnov test of the measured and 

fitted values was below 0.05 (0.004). This result was mainly explained by the use of PM10 

concentrations from some smoker dwellings that were largely higher than those from nonsmoker 

dwellings.  

 

2.5. Monte Carlo simulation 
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Crystal Ball software (Oracle, Redwood Shores, CA, USA) was used to perform the Monte Carlo 

simulation. The prediction of Cg and F from Cd was carried out using the following parameters 

and steps. First, for each SVOC, the measured Cd values in the 145 dwellings (Mandin et al., 2013) 

were used as inputs. Cd values below the limit of detection (LOD) were assumed to be uniformly 

distributed between 0 and the LOD. Second, the simulation of Cg and F for each SVOC in each of 

the 145 dwellings was carried out with 105 runs using Eqs. (2) and (3), and the distributions of the 

indoor temperature, PM10 concentration (assumed to be equal to TSP), and Kp and Kd of each 

SVOC at 25 °C. For each run, the distributions of Kp and Kd were adapted to the estimated indoor 

temperature using Eq. (4). For each dwelling, the simulation provided distributions of Cg and F as 

outputs. Finally, a sampling weight was assigned to each of the 145 dwellings to represent the 3.6 

million dwellings in France where at least one child aged 6 months to 6 years lived. The sampling 

weight, presented in detail elsewhere (Mandin et al., 2013), was introduced to obtain the weighted 

distributions of 𝐶g and F within the 3.6 million dwellings using XLSTAT software. 

 

2.6. Validation of the method  

To validate this method, it was applied to two studies available in the literature with simultaneous 

raw data measurements of Cg, F and Cd. The predicted Cg and F values from the measured Cd were 

compared with the measured Cg and F. The first study measured phthalates, PCBs, pesticides, 

PAHs and tributyl phosphate in 30 living and family rooms in France (Blanchard et al., 2014). The 

second study measured PBDEs in 12 rooms in homes in the U.S. (Batterman et al., 2009).  

Crystal Ball software was used to perform the Monte Carlo simulation. The input parameters were 

defined as follows. For each SVOC, the measured Cd in each room was input into the software. 
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The TSP concentrations were not provided in the two studies used for validation. Therefore, the 

median one-week PM10 concentration (31 µg/m3) measured in 285 French dwellings (Brown et 

al., 2015) was assumed to be a reasonable estimate of the TSP concentration in the 12 U.S. rooms. 

The median PM10 concentration in nonsmoker (26 µg/m3) and smoker (63 µg/m3) dwellings 

(Langer et al., 2016) was assumed to be a reasonable estimate of the TSP concentration for the 

French study (27 nonsmoker rooms and 3 smoker rooms). The indoor temperature, which ranged 

between 16.6 °C and 22.7 °C, was measured in each of the 30 French rooms. In the U.S. study, an 

indoor temperature of 25 °C was measured in some U.S. rooms and assumed to be the same in the 

other environments. Monte Carlo simulation of the Cg and F of each SVOC in each room provided 

a distribution from which the median Cg and F were retrieved for comparison with the measured 

values. The determination coefficients (R2) and relative biases between the measured and predicted 

values were analyzed quantitatively. A comparison was conducted for chemicals with measured 

values in each room that were above the limit of quantification (LOQ) in the French study and 

above the LOD in the U.S. study. 

 

3. RESULTS AND DISCUSSION 

3.1. Validation of the method for 23 SVOCs 

To validate the method in the present study, the predicted and measured Cg and F values were 

compared for 7 PBDEs (Batterman et al., 2009), 2 PAHs, 6 phthalates, 3 pesticides, 4 PCBs and 

tributyl phosphate (Blanchard et al., 2014). For some PCBs, diazinon, and dieldrin, the predicted 

and observed values could be compared only in a single room for which the measurements within 

each room were above the LOQ. For the other 17 SVOCs, the values could be compared in at least 

ACCEPTED MANUSCRIPT



AC
CEP

TE
D M

AN
USC

RIP
T

 

11 
 

2 rooms. The predicted median values for all SVOCs in all rooms were in reasonable agreement 

with the measured values (Fig. 1). The R2 values between the predictions and measurements were 

0.96 and 0.92 for Cg and F, respectively. At the room level, the predicted and measured Cg and F 

varied by one order of magnitude, depending on the SVOC (Fig. S3 in the supporting information). 

The corresponding R2 values varied between 0.02 (tributyl phosphate) and 0.99 (dieldrin) for Cg 

and between 0.02 (phenanthrene) and 0.94 (BDE 154) for F (Table S1 in the supporting 

information). On average, the relative bias, defined as the difference between the predicted and 

measured values divided by the measured value, ranged from 5% (BBP) to 225% (γ-HCH) for Cg 

and between 2% (BDE 153) and 249% (DiNP) for F, considering the absolute values. The bias in 

the prediction at the room level may be explained by the assumption that all the rooms had the 

same indoor temperature and TSP. Moreover, the equilibrium partitioning of SVOCs may not have 

been reached in all the rooms for all the compounds. Some recent studies have shown that 

equilibrium partitioning is unlikely to be reached in indoor environments when the log10Koa value 

is >11 for PCBs (Zhang et al., 2011), >12 for organophosphate ester flame retardants 

(Vykoukalová et al., 2017), and >14 for brominated flame retardants (Venier et al., 2016). Despite 

the bias in the predictions at the room level for the 17 SVOCs, this comparison showed that the 

probabilistic approach described in the present study can provide reasonable estimates of the 

median Cg and F values from a dataset of Cd.  

Fig. 1. Comparison between the predictions and measurements 

 

3.2. Concentrations of SVOCs in the air of French dwellings 
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The distributions of Cg and F of the 48 SVOCs were predicted from Cd at a nationwide scale in 

France. The shapes of the distributions depend on the compound and do not have a regular pattern. 

An example of DEHP and DBP is shown in Fig. 2. The ranges of the median Cg and F of the 48 

SVOCs (in 8 categories) are shown in Fig. 3. The Cg and F of phthalates and PAHs were higher 

than those of PBDEs and PCBs. Fifteen SVOCs had a median Cg that was higher than 1 ng/m3, 

i.e., di(2-ethylhexyl) phthalate (DEHP, 2.7 ng/m3), diethyl phthalate (DEP, 320 ng/m3), diisobutyl 

phthalate (DiBP, 270 ng/m3), di-n-butyl phthalate (DBP, 97 ng/m3), butyl benzyl phthalate (BBP, 

7.8 ng/m3), dichlorvos (40 ng/m3), γ-hexachlorocyclohexane (γ-HCH, 2.4 ng/m3), α-endosulfan (1 

ng/m3), phenanthrene (94 ng/m3), fluorene (66 ng/m3), acenaphthene (35 ng/m3), anthracene (18 

ng/m3), galaxolide (32 ng/m3), tonalide (8.4 ng/m3) and tributyl phosphate (21 ng/m3). Five SVOCs 

had a median F that was higher than 1 ng/m3, i.e., DEHP (5.7 ng/m3), DiBP (3.3 ng/m3), DBP (3.3 

ng/m3), DEP (2.2 ng/m3), and BBP (1.3 ng/m3) (Table 1). Six of the 48 SVOCs, i.e., BDE 209, 

BDE 154, BDE 153, bisphenol A, DEHP, and DiNP, have log10Koa values >12 (Fig. S4 in the 

supporting information). The equilibrium partitioning of these SVOCs between the airborne 

phases and settled dust may not have been reached. Therefore, the predictions of the present model 

for these SVOCs may be less precise than those for the other SVOCs having log10Koa values <12. 

Fig. 2. Distributions of the predicted gas and particle-phase concentrations of DEHP and DBP 

Fig. 3. Ranges of the median Cg and F of 48 SVOCs in French dwellings 

Table 1. SVOC concentrations in the gas phase (Cg) and airborne particles (F) 

 

The F predicted in the present study from the Cd measured between 2008 and 2009 (Mandin et al., 

2013) was compared with the F measured (PM10 fraction) between 2003 and 2005 (Mandin et al., 

2016). The median values of F in the two studies generally varied within one order of magnitude 
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(Fig. 4). The two independent studies suggest similar levels of SVOC concentrations in French 

dwellings. Differences of more than one order of magnitude were observed for DiNP, PCB 28, 

PCB 31, PCB 52, α-endosulfan, diazinon, anthracene, phenanthrene, and bisphenol A. The 

difference in F between the two studies may be because the dwellings selected in the two studies 

were different and were sampled at two different periods. Nevertheless, for DiNP and bisphenol 

A (log10Koa values >12), equilibrium partitioning between the particle phase and settled dust may 

not have been reached. It can also be a reason for the uncertainties in the predictions.  

The Cg predicted in the present study from the Cd measured between 2008 and 2009 (Mandin et 

al., 2013) was compared with the Cg (Wei et al., 2017a) predicted from F measured between 2003 

and 2005 (Mandin et al., 2016). The median Cg in the two studies generally varied within one order 

of magnitude (Fig. 5). Differences of more than one order of magnitude were observed for DEHP, 

DiNP, PCB 28, α-endosulfan, diazinon, anthracene, phenanthrene, and bisphenol A. For DEHP, 

DiNP and bisphenol A (log10Koa values >12), equilibrium partitioning between the gas phase and 

settled dust may not have been reached. For the other SVOCs, the concentration difference 

between the two studies may be explained by the difference in the sampling locations and periods. 

Fig. 4. Comparison between the measured and predicted SVOC concentrations in the 

particulate phase (error bars represent the 1st and 3rd quartiles of the concentrations) 

Fig. 5. Comparison between the predicted SVOC concentrations in the gas phase (error bars 

represent the 1st and 3rd quartiles of the concentrations) 
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SVOC mass transfer mechanisms have been investigated in depth in a number of studies (Liu et 

al., 2012; Rauert and Harrad, 2015; Takigami et al., 2008; Webster et al., 2009; Weschler and 

Nazaroff, 2017; Wu et al., 2018; Xu et al., 2012). Mechanistic models that do not rely on the 

equilibrium partitioning assumption have been developed to address the dynamic SVOC mass 

transfer processes (Wei et al., 2017b; Xu et al., 2010). The present study did not choose an in-

depth mechanistic model for the prediction because these models usually require detailed 

information on indoor environments and a number of mass transfer parameters as inputs. Although 

these parameters can be obtained for case studies, they are unlikely to be retrievable for a study of 

a large dataset of dwellings, e.g., a prediction at a nationwide scale in France in the present study. 

Therefore, the present study chose the equilibrium partitioning equations and extended them into 

a probabilistic method using Monte Carlo simulation and taking into account the indoor 

temperature. The probabilistic method aims to provide robust and efficient predictions for a large 

dataset of indoor environments and is not intended for use in a specific room. At the room level, 

this method may be less precise than an in-depth mechanistic model. 

Moreover, some outdoor studies show that SVOC polarity has an influence on the Kp and Kd values 

(Lohmann and Lammel, 2004). The relationship between Kp and polarity was quantified by an 

empirical equation based on measurements (Degrendele et al., 2016), suggesting that for a 

pesticide with a log10Koa value of 10 at 25 °C, the polarity can affect the log10Kp value by 7%. 

However, there has not been any study to quantify the influence of the SVOC polarity on the Kp 

and Kd values for indoor airborne particles and settled dust. The 38 equations retrieved from the 

literature for the probabilistic prediction calculate the indoor Kp and Kd from 𝑝L
0 and/or Koa (Wei 

et al., 2016a) and do not have any item to address polarity. This may lead to some errors in the 

prediction of polar compounds. Among the 48 SVOCs studied in the French nationwide survey, 
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the top 10 SVOCs in terms of molecular polarity (indicated by dipole moment) are 

tributylphosphate (5.5 D), cypermethrin (4.2 D), endrin (3.3 D), chlorpyrifos (3.2 D), diazinon (2.9 

D), BDE 47 (2.7 D), oxadiazon (2.7 D), BDE 85 (2.7 D), α-endosulfan (2.6 D), and tonalide (2.5 

D). (Fig. S5 in the supporting information). A good agreement between the predicted 

concentrations (Cg and F) and the measured values in the literature for tributylphosphate, BDE 47, 

and BDE 85 (Fig. 1) indicates that molecular polarity does not have a significant influence on the 

predicted concentration distribution of polar compounds for a large dataset of indoor environments 

(e.g., at a nationwide scale). This is due to the fact that other parameters (e.g., Cd and TSP) used 

as inputs for the prediction can vary by orders of magnitude among different environments. 

 

3.3. Influence of physical parameters on the partitioning of indoor SVOCs 

3.3.1. Molar masses and boiling points 

The influence of the SVOC molar mass on the partitioning of SVOCs between the gas phase and 

airborne particles was observed by Takeuchi et al. when studying the Cg and F of 34 SVOCs in 6 

houses in Japan (Takeuchi et al., 2014). 𝑝L
0  and Koa can also influence Kp and Kd, thereby 

influencing the partitioning of indoor SVOCs among the different phases. The theoretical 

relationship between Kp, 𝑝L
0, and the molar mass was addressed as (Pankow, 1994) 

𝐾p =
𝑓om𝑅𝑇

𝑀om𝛼𝑝L,𝑇
0 106

 (5) 

where 𝑓om  is the weight fraction of the airborne particles absorbing organic materials, 𝑀om 

(g/mol) is the mean molecular weight of the absorbing organic material, 𝛼  is the activity 
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coefficient of the compound in the organic material phase, and 𝑝L,𝑇
0  (Pa) is the saturation vapor 

pressure of the pure subcooled liquid compound at temperature T. 

The SVOC vapor pressure depends on the temperature, which can be addressed by the Clausius-

Clapeyron relationship 

ln
𝑝

𝑝b
= −

∆𝐻b
v

𝑅
(
1

𝑇
−
1

𝑇b
) (6) 

where Tb (K) is the normal boiling point of the SVOC, pb is the SVOC vapor pressure at its boiling 

point, and ∆𝐻b
v (J/mol) is the enthalpy of vaporization at the boiling point. 

Trouton’s rule states that the entropy of vaporization of non-hydrogen-bonded compounds at the 

normal boiling point is nearly a constant, which can be described by (Mackay et al., 1982) 

∆𝐻b
v

𝑇b
= 𝛽 + 𝑅 ln𝑇b (7) 

where β is a regression constant. 

Combining Eqs. (6) and (7) yields (Mackay et al., 1982) 

ln
𝑝

𝑝b
= (

𝛽

𝑅
+ ln 𝑇b)(1 −

𝑇b
𝑇
) (8) 

After replacing 𝑝L,𝑇
0  with Eq. (8), Eq. (5) becomes 

𝐾p =
𝑓om𝑅𝑇

106𝑀om𝛼𝑝b𝑇b
(1−

𝑇b
𝑇
)𝑒

𝛽
𝑅
(1−

𝑇b
𝑇
)
 (9) 
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Combining Eqs. (1) and (9), the partitioning of SVOCs between the gas phase and airborne 

particles can be described by 

𝐶g × 𝑇𝑆𝑃

𝐹
=

1

𝐾p
=
𝐴𝑀om𝑇b

(1−
𝑇b
𝑇
)𝑒

𝐵𝑇b
𝑇

𝑇
 (10) 

where the constant A equals 
106𝛼𝑝b𝑒

𝛽
𝑅

𝑓om𝑅
 and the constant B equals −

𝛽

𝑅
. The constants A and B were 

determined from regressions of the median SVOC concentrations in the gas and particulate phases 

in the 3.6 million French dwellings using Eq. (10). The R2 values of the regressions ranged between 

0.78 (pesticides) and 0.99 (PAHs) (Table 2). The impact of the molar mass and boiling point of 

the SVOCs on the SVOC partitioning between the gas phase and airborne particles differed from 

one chemical family to another probably because of the difference in structure between the 

chemical families. Notably, the pesticides in the present study were not of the same chemical 

family, but their values were fitted into a single regression because of the diversity of their families 

and the limited number of data available within each pesticide family. 

Table 2. Relationship of the molar mass and boiling point with the SVOC partitioning between 

the gas phase and airborne particles 

 

We assumed that Kd can be described by Eq. (10). Therefore, constants A and B were determined 

from the regression of the median SVOC concentrations in both the gas phase and settled dust in 

the 3.6 million French dwellings according to Eq. (2). The R2 value associated with the regressions 

ranged between 0.48 (pesticides) and 0.99 (PAHs) (Table 3). The R2 values of the regressions of 

the SVOC partitioning in the gas phase and settled dust were generally lower than those found 
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between the gas- and particulate-phase SVOC concentrations. This result may be explained by the 

following reasons. First, the morphology of the settled dust, e.g., size and substrate, differs from 

that of airborne particles. Second, the direct mass transfer of SVOCs from materials to settled dust 

may occur (Rauert and Harrad, 2015; Takigami et al., 2008), thereby influencing the partitioning 

of SVOCs between the gas phase and settled dust (Schripp et al., 2010). As a result, the nature of 

Kd may differ from that of Kp. Therefore, a bias may exist when using Eq. (10) to address Kd. To 

better understand the impact of the molar mass and boiling point on the partitioning of SVOCs 

between the gas phase and settled dust, the partitioning mechanism should be investigated in future 

studies. Nevertheless, the empirical equations describing the relationship of the molar mass and 

boiling point with the partitioning of SVOCs among the gas phase, airborne particles and settled 

dust may lead to a quick prediction of SVOC partitioning among these three phases. 

Table 3. Relationship of the molar mass and boiling point with the SVOC partitioning between 

the gas phase and settled dust 

 

3.3.2. Saturation vapor pressures and octanol/air partition coefficients 

The gas-to-air and air-to-settled dust concentration ratios were compared with the 𝑝L
0 and Koa of 

each SVOC. The 𝑝L
0 and Koa values were the median of numerous estimates in the literature (Wei 

et al., 2016a). SVOCs with a high 𝑝L
0, namely, with high volatility, tended to be predominantly 

found in the gas phase (Fig. S6 in the supporting information). When the 𝑝L
0 at 25 °C was higher 

than 6.16×10-4 Pa, more than 90% of the mass of the SVOCs in indoor air existed in the gas phase. 

In contrast, when the 𝑝L
0 at 25 °C was lower than 4.53×10-6 Pa, more than 90% of the mass of the 

SVOCs in indoor air existed in the airborne particles. The air-to-settled dust concentration ratio 
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generally increased as 𝑝L
0 increased. No influence of the 𝑝L

0 on the partitioning of SVOCs between 

the particulate phase and settled dust was observed.  

Since Koa is related to 𝑝L
0, the SVOCs with high Koa tended to be predominantly found in the 

particulate phase (Fig. S7 in the supporting information). When the Koa was higher than 5.07×1011 

at 25 °C, more than 90% of the mass of the SVOCs in indoor air was associated with the particulate 

phase. When the Koa was lower than 2.26×109 at 25 °C, more than 90% of the mass of the SVOCs 

in indoor air was found in the gas phase. The air-to-dust concentration ratio generally decreased 

as Koa increased. No influence of Koa on the partitioning of SVOCs between the airborne particles 

and settled dust was observed. A similar observation of the impact of Koa on the partitioning of 

SVOCs between the air and settled dust was reported by Dodson et al. when measuring the 

concentrations of 40 SVOCs in 50 nonsmoker homes in California (Dodson et al., 2015).  

The prediction of the Cg and F of SVOCs from Cd in the present study used the distributions of 𝑝L
0 

and Koa to calculate the distributions of Kp and Kd (Wei et al., 2016a). Therefore, the observation 

of the influence of 𝑝L
0 and Koa on the partitioning of SVOCs among the different phases was not 

an independent study. Nevertheless, their influences have been addressed in other studies in the 

literature (Pankow, 1994; Weschler and Nazaroff, 2010). 

 

4. CONCLUSIONS 

A probabilistic method based on SVOC partitioning theory and performed through Monte Carlo 

simulation was used to predict the SVOC concentrations in both the gas and particulate phases 

from their measured concentrations in settled dust at the nationwide scale in France. The SVOCs 
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with the highest predicted concentrations in the indoor air were generally phthalates due to their 

high concentrations in the settled dust and PAHs due to their low Koa values compared to the other 

compounds. The SVOCs with the lowest predicted concentrations in the gas phase and airborne 

particles were generally PBDEs and PCBs due to their low concentrations in the settled dust. These 

results highlight the importance of considering the different phases for each SVOC to assess 

different exposure pathways. 

The impacts of four physical parameters, i.e., the molar mass, boiling point, saturation vapor 

pressure and octanol/air partition coefficient, of SVOCs on the partitioning of SVOCs among the 

different phases was analyzed quantitatively. The analysis revealed that the SVOC partitioning is 

highly related to the four parameters. Empirical equations were developed to address the 

relationships among the molar mass, the boiling point, and the concentration ratio of SVOCs 

among the different phases. 

The performance of the model was validated for a large number of phthalates, PCBs and PBDEs, 

for which measured concentrations in both settled dust, gas and particulate phases were available. 

There is still a need of data for other SVOCs, such as pesticides, to better assess the performance 

of the model. 
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Tables 

Table 1. SVOC concentrations in the gas phase (Cg) and airborne particles (F) 

Pollutant Cg (pg/m3)    F (pg/m3)   

P25 P50 P75  P25 P50 P75 

BBP 8.7×102 7.8×103 8.0×104  9.5×101 1.3×103 2.4×104 

DBP 3.4×104 9.7×104 2.8×105  7.4×102 3.3×103 1.5×104 

DiBP 1.0×105 2.7×105 8.5×105  4.9×102 3.3×103 2.2×104 

DEP 2.2×104 3.2×105 1.3×106  5.6×102 2.2×103 8.9×103 

DEHP 5.0×102 2.7×103 1.5×104  3.7×102 5.7×103 1.3×105 

DiNP 4.3×101 1.8×102 7.9×102  5.4×101 4.7×102 4.7×103 

BDE28 3.0×100 7.1×100 1.3×101  3.4×10-1 1.0×100 3.8×100 

BDE47 2.1×100 5.5×100 1.4×101  1.4×100 6.0×100 2.9×101 

BDE85 2.0×10-2 5.7×10-2 1.4×10-1  7.7×10-2 4.3×10-1 2.2×100 

BDE99 2.3×10-1 6.7×10-1 1.9×100  3.3×10-1 2.2×100 1.7×101 

BDE100 5.2×10-2 1.8×10-1 8.8×10-1  1.6×10-1 1.1×100 2.0×101 

BDE119 1.6×10-2 4.2×10-2 1.0×10-1  4.0×10-2 2.3×10-1 1.3×100 

BDE153 1.1×10-2 3.9×10-2 1.3×10-1  1.8×10-1 2.0×100 2.3×101 

BDE154 1.4×10-2 5.3×10-2 2.0×10-1  8.4×10-2 8.8×10-1 8.4×100 

BDE209 1.2×10-6 8.2×10-6 8.9×10-5  1.3×10-3 5.1×10-2 3.0×100 

PCB28 7.9×101 2.0×102 6.7×102  5.0×10-1 2.6×100 1.2×101 

PCB31 9.6×101 2.2×102 6.4×102  5.5×10-1 2.5×100 1.3×101 

PCB52 6.1×101 1.7×102 1.1×103  1.4×100 6.5×100 5.3×101 
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PCB77 1.5×100 4.9×100 1.8×101  7.3×10-2 3.7×10-1 1.9×100 

PCB101 1.5×101 6.3×101 5.6×102  7.5×10-1 6.2×100 6.1×101 

PCB105 2.5×100 8.1×100 5.5×101  3.1×10-1 1.8×100 1.8×101 

PCB118 4.1×100 1.8×101 1.7×102  3.8×10-1 3.2×100 3.6×101 

PCB126 3.5×10-1 1.1×100 3.0×100  4.4×10-2 2.0×10-1 8.9×10-1 

PCB138 2.3×100 9.8×100 9.4×101  4.7×10-1 3.8×100 4.0×101 

PCB153 1.4×100 7.2×100 7.0×101  4.0×10-1 3.7×100 4.2×101 

4,4'DDE 7.7×100 2.9×101 1.2×102  2.1×10-1 1.1×100 5.5×100 

γ-HCH 3.0×102 2.4×103 1.8×104  1.0×100 1.1×101 1.2×102 

Aldrin 2.0×101 4.2×102 1.1×104  1.6×10-1 7.1×100 3.3×102 

Dieldrin 1.1×101 5.2×101 2.3×102  4.1×10-1 3.0×100 2.2×101 

Endrin 1.7×101 8.3×101 3.8×102  8.2×10-1 6.6×100 5.1×101 

Oxadiazon 8.3×10-1 2.4×100 9.4×100  5.3×10-1 2.8×100 1.4×101 

α-Endosulfan 9.3×101 1.0×103 1.2×104  5.5×100 9.5×101 2.0×103 

Permethrin 1.6×101 8.8×101 5.2×102  2.9×101 2.5×102 2.5×103 

Cyfluthrin 9.0×10-2 5.4×10-1 3.8×100  4.9×10-1 6.4×100 1.2×102 

Cypermethrin 1.7×10-1 1.4×100 2.3×101  9.9×10-1 1.8×101 4.2×102 

Deltamethrin 2.5×10-1 1.7×100 1.1×101  2.1×100 2.3×101 3.4×102 

Chlorpyrifos 2.9×101 1.1×102 4.4×102  1.0×100 5.3×100 2.9×101 

Diazinon 5.8×100 1.3×101 3.6×101  1.6×10-1 7.4×10-1 3.1×100 

Dichlorvos 1.4×104 4.0×104 1.1×105  7.7×10-1 3.6×100 1.6×101 

Anthracene 6.9×103 1.8×104 4.5×104  3.4×101 2.3×102 2.0×103 

Fluorene 3.7×104 6.6×104 1.2×105  2.8×101 1.0×102 3.9×102 
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Phenanthrene 5.0×104 9.4×104 2.1×105  1.9×102 9.2×102 6.3×103 

Benzo[a]pyrene 8.2×100 4.6×101 2.5×102  6.8×100 1.9×102 5.4×103 

Acenaphthene 1.5×104 3.5×104 8.4×104  6.2×100 2.5×101 1.1×102 

Galaxolide 1.4×104 3.2×104 7.0 ×104  7.1×101 2.6×102 9.6×102 

Tonalide 2.7×103 8.4×103 2.7×104  1.7×101 7.4×101 3.3×102 

Tributylphosphate 1.1×104 2.1×104 4.3×104  9.2×100 3.2×101 1.2×102 

Bisphenol A 3.0×100 7.8×100 2.1×101  2.3×100 1.9×101 1.9×102 
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Table 2. Relationship of the molar mass and boiling point with the SVOC partitioning between 

the gas phase and airborne particles 

SVOCs A B R2 

Phthalates 4.67×1011 -6.35 0.85 

PBDEs 1.43×1013 -8.21 0.92 

PCBs 4.95×1018 -10.35 0.91 

Pesticides 2.17×1014 -8.98 0.78 

PAHs 3.45×1014 -8.98 0.99 

All the SVOCs 6.78×1014 -9.55 0.83 

. Cg and F have units of pg/m3; TSP has a unit of µg/m3. 
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Table 3. Relationship between the molar mass and boiling point, and SVOC partitioning in the 

gas phase and settled dust 

SVOCs A B R2 

Phthalates 4.19×1017 -15.41 0.90 

PBDEs 4.40×1023 -20.48 0.97 

PCBs 3.23×1023 -20.34 0.74 

Pesticides 8.39×1012 -9.10 0.48 

PAHs 1.49×1014 -9.72 0.99 

All the SVOCs 2.28×1017 -14.18 0.64 

. Cg and Cd have units of pg/m3 and ng/g, respectively. 
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HIGHLIGHTS 

► The concentrations of 48 SVOCs in indoor gas and particle phases were predicted. 

► The concentration distributions for 3.6 million dwellings in France were obtained.  

► The probabilistic approach was based on Monte Carlo simulation. 

► The partition coefficient can be estimated from the molar mass and boiling point. 
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