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Abstract 26 

Understanding the partitioning of semi volatile organic compounds (SVOCs) between gas 27 

phase and particle phase is essential for exposure analysis and risk assessment in the 28 

indoor environment. Numerous attempts have been made to calculate gas/particle 29 

partitioning coefficients Kip. Single-parameter adsorption and absorption models, which relate 30 

Kip to the vapor pressure Ps or the octanol/air distribution coefficient KOA are usually applied. 31 

In this work we use poly-parameter Linear Free Energy Relationships (pp-LFER) to describe 32 

the partitioning behavior of 14 SVOCs with high relevance for the indoor environment. The 33 

pp-LFER concept is based on Abraham descriptors and considers interactions between 34 

molecule and particle by separate parameters. Van der Waals interactions can be 35 

approximated by the logarithm of the hexadecane/air partitioning coefficient (log KHdA = L), 36 

which is a key parameter for the 14 polar but non-ionizable organic esters being studied 37 

here. For many of the examined compounds experimentally determined L-values were not 38 

available and had to be measured using gas chromatography. It is shown that the pp-LFER 39 

method is a strong alternative to one-parameter approaches and gives reliable coefficients 40 

for gas/particle distribution in the indoor environment. 41 

 42 

 43 

Graphical Abstract 44 

45 
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1. Introduction 47 

The indoor area represents a multiple dynamic system comprised of emission sources and 48 

sinks.1, 2 Describing the behavior of molecules and their interaction with the various compart-49 

ments in dependence of temperature, relative humidity and air exchange rate is therefore 50 

correspondingly complex.3 Then again, for exposure analysis, it is necessary to at least be 51 

able to estimate the equilibrium distribution of airborne indoor-relevant organic compounds 52 

between gas and particle phase.4 In other words, a comprehensive risk assessment requires 53 

the information to what percentage a substance enters the lung via gas phase and particle 54 

phase, respectively. 55 

A first adsorption-based model was developed by Junge for the global transport of persistent 56 

compounds in outdoor air.5, 6 Pankow7, 8 subsequently expanded Junge's approach to include 57 

the mechanism of absorption. The saturation vapor pressure (Ps) of the respective observed 58 

substance is required by both models as a central molecular parameter. 59 

log𝐾𝑖𝑖 = 𝑚 ∙ log𝑃𝑠 + 𝑏         (1) 60 

In equation (1), Kip denotes the partition coefficient between gas phase and particle phase, 61 

whilst m and b represent the slope and the axis intercept of the linear equation. For 62 

substances which are solid in the observed temperature range, the vapor pressure of the 63 

subcooled liquid PL
0 is used instead of Ps. Finizio et al.9 interpret Kip as the interaction 64 

between air and the organic phase of a particle. Accordingly, in equation (2), Kip is linked to 65 

the octanol/air partition coefficient (KOA) and the organic proportion of the particle fom. 66 

log𝐾𝑖𝑖 = log𝐾𝑂𝑂 + log𝑓𝑂𝑂 − 11.91        (2) 67 

Via equation (3), Kip is also experimentally accessible.8, 10 68 

𝐾𝑖𝑖 = [𝐹] [𝑇𝑇𝑇]⁄
[𝐴]

= 𝐶𝑝
𝐶𝑔

          (3) 69 

[TSP] (μg/m³) is the concentration of total suspended particulate matter, [F] (ng/m³) and [A] 70 

(ng/m³) are the particle and gas phase concentrations of the target compound, respectively. 71 

[F]/[TSP] = Cp (ng/μg) is the concentration in/on the particle phase per μg TSP and and Cg = 72 

[A].11 73 

Rearrangement of equation (3) leads to equation (4), which defines the fraction (Φ) of a 74 

compound i in the particle phase. 75 

Φ = [𝐹]
[𝐹]+[𝐴]

= 𝐾𝑖𝑖∙[𝑇𝑇𝑇]
1+𝐾𝑖𝑖∙[𝑇𝑇𝑇]

         (4) 76 

The theoretical derivations for the determination of Kip were critically analyzed by Goss and 77 

Schwarzenbach.12 In particular the fact that neither equation (1) nor equation (2) takes into 78 
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account the specific intermolecular interactions that govern every sorption process and that 79 

depend on the respective chemical structure of the molecules and the sorbing phase should 80 

be regarded as disadvantageous. Klöpffer13 also considers this simplification to be a 81 

fundamental weakness in the model. Goss and Schwarzenbach14 therefore proposed a more 82 

complex approach, the poly-parameter linear free energy relationship (pp-LFER), which is 83 

based on descriptors for the sorbing phase and the sorbing molecule in accordance with 84 

Abraham.15 This approach considers the size of the compound, interaction abilities like van 85 

der Waals, H-accepting (e-donating) and H-donating (e-accepting) as well as a dipolarity/po-86 

larizability parameter, which describes polar interactions that are not covered by the other 87 

parameters. Van der Waals interactions can be approximated from the logarithm of the 88 

hexadecane/air partition coefficient L = log KHdA. The L term is experimentally accessible and 89 

contains an entropic contribution, which is of particular importance for systems where one of 90 

the phases is a gas.16 91 

Various authors have applied equations (1) and (2) in order to determine the distribution of 92 

low-volatile organic compounds between gas and particle phase in indoor areas. Salthammer 93 

and Schripp,17 however, demonstrated that the Kip values calculated on the basis of Ps and 94 

KOA can be riddled with substantial error for indoor scenarios. The pp-LFER16 approach is a 95 

promising alternative and is applied for 14 indoor-relevant organic compounds. For a large 96 

number of these compounds, the logarithmic hexadecane/air partition coefficient L necessary 97 

as a descriptor was unknown and had to be determined initially. The results were compared 98 

with experimental and calculated Kip values from single-parameter models and the suitability 99 

of the pp-LFER method for indoor applications was critically discussed. Aerosol descriptors 100 

were taken from Arp et al.,18, 19 who studied gas/particle partitioning under consideration of 101 

ambient aerosol samples from different seasons and locations. Under the assumption that 102 

absorption into a water-insoluble organic matter (WIOM) phase is the dominating 103 

mechanism, the temperature dependence of the partitioning process can be described by the 104 

van’t Hoff equation and the enthalpy for the distribution between air and WIOM. It was also 105 

necessary to evaluate the data set provided by Arp et al.18, 19 for indoor applications. This 106 

was performed by a comparison with indoor aerosols for particle concentration, content of 107 

organic carbon and content of elemental carbon. 108 

 109 

2. Theory of poly-parameter Linear Free Energy Relationships 110 

2.1 Methodology of the LFER approach 111 

The equilibrium constant Ki_12 for partitioning of a given compound i between two phases 1 112 

and 2 is connected to the free energy change of transfer Δ12Gi via equation (5). 113 
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ln𝐾𝑖_12 = ∆12𝐺𝑖
𝑅∙𝑇

+ ln(𝑐𝑐𝑐𝑐𝑐)         (5) 114 

R is the universal gas constant and T is the temperature in K. Commonly, Ki_12 is related to a 115 

known molecular property like the vapor pressure Ps or the octanol/air distribution coefficient 116 

KOA in a linear double logarithmic correlation as shown in equations (1) and (2). This 117 

approach is known as single-parameter LFER. It is directly obvious that a single descriptor 118 

cannot account for the complete chemical diversity that arises from  the various contributions 119 

of van der Waals and H-bond interactions. As outlined by Goss and Schwarzenbach,14 the 120 

poly-parameter LFER approach uses a suite of 5 parameters in order to cover all relevant 121 

intermolecular interactions comprehensively. To this end, Δ12Gi  is divided into van der 122 

Waals- and a H-bond-components, which provides a more mechanistic understanding of the 123 

partition process. The interaction energies can then be estimated with the help of quantitative 124 

descriptors (see next section).  125 

 126 

2.2 Linear Solvation Energy Relationship (LSER) descriptors 127 

Goss20 showed that the distribution of an organic compound between air and any condensed 128 

phase can be described with equation (6). 129 

log𝐾𝑖𝑖 (𝑚³ 𝑔)⁄ = 𝑠 ∙ 𝑆𝑖 + 𝑎 ∙ 𝐴𝑖 + 𝑏 ∙ 𝐵𝑖 + 𝑙 ∙ 𝐿𝑖 + 𝑣 ∙ 𝑉𝑖 + 𝑐     (6) 130 

Si, Ai, Bi, Li and Vi are compound-specific Abraham descriptors. Si is the 131 

polarizability/dipolarizability), Ai is the hydrogen bond acidity (donor), Bi is the hydrogen bond 132 

basicity (acceptor), Li is the logarithmic hexadecane/air partition coefficient log KHdA (a 133 

surrogate for the van der Waals term) and Vi is the McGowan volume.21 The sorbent-specific 134 

(here: particle-specific) parameters s, a, b, l and v describe the complementary sorbent 135 

properties. Together with the fitting constant c they can be determined at the given relative 136 

humidity (RH) by multiple-linear regression using experimental log Kip values.  137 

The McGowan volume Vi can be calculated from the molecular structure of the respective 138 

target compound following a procedure as described by Abraham and McGowan21 (see also 139 

Table SI-1 in the Supporting Information). Li can be determined experimentally by gas 140 

chromatography (see Sections 2.4 and 3.2). Another descriptor is the molar excess 141 

refractivity Ei, which is related to index of refraction and can be determined by a method as 142 

described by Abraham et al.22 For many compounds Ei, Si, Ai and Bi are available via the 143 

UFZ-LSER database.23 For compounds with unknown descriptors, Quantitative Structure 144 

Property Relationships (QSPRs) have been developed for E, S, A, B and L. The QSPRs 145 

predict these LSER descriptors for chemicals based on structures provided as SMILES24 146 

(simplified molecular-input line-entry system) strings.25, 26 For this work we saw the necessity 147 

to determine the L-values of our target chemicals experimentally although QSPR estimations 148 
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are available. The L-value is the single most influential molecular descriptor and therefore its 149 

accuracy is crucial for the overall result. Moreover, the expected L-values of our target 150 

compounds lie at the high end or even beyond the existing calibration data set of the QSPR 151 

method. 152 

The pp-LFER approach can also be applied to predict the partition constant Kisurf for 153 

adsorption to a surface. Kisurf is defined by equation (7) as the concentration csurf (µg/m²) of a 154 

compound i on the surface per unit surface area divided by cg (µg/m³). 155 

𝐾𝑖𝑖𝑖𝑖𝑖 (𝑚) =  𝑐𝑠𝑠𝑠𝑠
𝑐𝑔

          (7) 156 

For adsorption to various surfaces at different relative humidity, Kisurf is a function of the van 157 

der Waals, donor and acceptor interactions as shown in equation (8).27 158 

log𝐾𝑖𝑖𝑖𝑖𝑖 (𝑚) =  𝑎 ∙ 𝐴𝑖 + 𝑏 ∙ 𝐵𝑖 + 𝑙 ∙ 𝐿𝑖 + 𝑐       (8) 159 

 160 

2.3 Determination of enthalpies 161 

The absorptive partitioning between air and water-insoluble-organic-matter (WIOM) is given 162 

by the partitioning coefficient Kp_wiom. The temperature dependence of Kp_wiom can be 163 

described by the van’t Hoff equation (9),  164 

ln𝐾𝑖𝑖_𝑤𝑤𝑤𝑤 = −Δ𝑊𝑊𝑊𝑊𝐻
𝑅

∙ 1
𝑇

+ 𝑐𝑐𝑐𝑐𝑐        (9) 165 

where ΔwiomH is the enthalpy for the distribution between air and WIOM. Arp et al.18 showed 166 

that ΔwiomH can be approximated by the enthalpy of distribution between air and octanol 167 

ΔOAH or by the enthalpy of vaporization ΔvapH. For octanol-air partitioning ΔOAH values can 168 

be calculated from the pp-LFER approach according to equation (10).16 169 

Δ𝑤𝑤𝑤𝑤𝐻 ≈ Δ𝑂𝑂𝐻 (𝑘𝑘 𝑚𝑚𝑚⁄ ) = +1.6 ∙ 𝑉𝑖 − 9.7 ∙ 𝐿𝑖 + 6.0 ∙ 𝑆𝑖 − 53.7 ∙ 𝐴𝑖 − 9.2 ∙ 𝐵𝑖 − 6.7 (10) 170 

For a narrow temperature range the relationship between Kp_wiom values at temperatures T1 171 

and T2 is given by equation (11). 172 

ln𝐾𝑖𝑖_𝑤𝑤𝑤𝑤(𝑇2) = ln𝐾𝑖𝑖_𝑤𝑤𝑤𝑤(𝑇1) − ∆𝑤𝑤𝑤𝑤𝐻
𝑅

∙ � 1
𝑇1
− 1

𝑇2
�      (11) 173 

For the case of adsorption to a surface, Goss and Schwarzenbach28 derived the empirical 174 

equation (12) to estimate the enthalpy of adsorption ΔsurfHi from Kisurf at 288 K. 175 

∆𝑠𝑠𝑠𝑠𝐻𝑖(𝑘𝑘 𝑚𝑚𝑚⁄ ) =  −9.83 ∙ log𝐾𝑖𝑖𝑖𝑖𝑖 (𝑚) − 90.5      (12) 176 

Assuming that ΔsurfHi is constant over a certain range of temperature, Kisurf at a temperature 177 

T can be estimated from published 288 K data.29 178 
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ln𝐾𝑖𝑖𝑖𝑖𝑖(𝑇) = ln𝐾𝑖𝑖𝑖𝑖𝑖(288 𝐾) − ∆𝑠𝑠𝑠𝑠𝐻𝑖 (288 𝐾)
𝑅

∙ �1
𝑇
− 1

288
�     (13) 179 

 180 

2.4 Determination of hexadecane/air and octanol/air partitioning coefficients 181 

According to Stenzel et al.,30 the retention time of an organic substance is proportional to the 182 

stationary phase-gas partition coefficient in an isothermal gas chromatographic system with a 183 

suitable, completely non-polar column. Consequently, L can be experimentally determined 184 

from Equation (14). 185 

log(𝑅𝑅) = 𝑙𝐿 ∙ 𝐿𝑖 + 𝑣𝐿 ∙ 𝑉𝑖 + 𝑐𝐿         (14) 186 

RT is the gas chromatographic retention time (min), the coefficients lL, vL und cL can be 187 

determined through a calibration procedure.  188 

KOA-values can be estimated from the pp-LFER approach according to equation (15), 189 

descriptors for wet and dry octanol are presented in Table 3.  190 

log𝐾𝑂𝑂 = 𝑒 ∙ 𝐸𝑖 + 𝑠 ∙ 𝑆𝑖 + 𝑎 ∙ 𝐴𝑖 + 𝑏 ∙ 𝐵𝑖 + 𝑙 ∙ 𝐿𝑖 + 𝑣 ∙ 𝑉𝑖 + 𝑐     (15) 191 

 192 

3. Materials and methods 193 

3.1 Compounds 194 

All compounds are commercially available and were of analytical grade. Diethyl phthalate 195 

(DEP): Riedel-de-Haèn; di-n-butyl-phthalate (DnBP): Sigma-Aldrich; di-iso-butyl-phthalate 196 

(DiBP): Fluka; dipentyl phthalate (DPP): ABCR GmbH; butylbenzyl phthalate (BBzP): 197 

Follmann & Co. KG; di-2-ethylhexyl-phthalate (DEHP): Fluka; di-n-butyl adipate (DnBA): 198 

Sigma-Aldrich; di-iso-butyl adipate (DiBA): ABCR GmbH; di-2-ethylhexyl adipate (DEHA): 199 

Sigma-Aldrich; di-2-ethylhexyl terephthalate (DEHTP): Dr. Ehrenstorfer GmbH; tri-2-200 

ethylhexyl trimellitate (TOTM): Fluka; tri-2-ethylhexyl phosphate (TEHP): Sigma-Aldrich; 201 

triphenyl phosphate (TPP): Sigma-Aldrich; 1,2-cyclohexane dicarboxylic acid diisononyl ester 202 

(DINCH): BASF (Hexamoll). 203 

 204 

3.2 Analytical parameters and settings 205 

GC/MS system: Hewlett-Packard 6890 GC with 5973 MSD; injector: Gerstel CAS3; injection 206 

volume: 0.2 µm; injector temperature: 110 °C to 330 °C (10 °C/s); inlet mode: split; split ratio: 207 

60:1; column: Supelco SPB®-Octyl 30.0 m x 250 µm x 0.25 µm (280 °C max); constant flow; 208 

Helium flow: 0.6 ml/min; average velocity: 28 cm/s;  oven program: isothermal; MSD mode: 209 

scan (m/z 35 – 800); solvent delay: 2.2 min. 210 
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For calibration we used three compounds with well-known L-values: DEP (L = 6.75)30, DnBP 211 

(L = 8.59)30 and DEHP (L = 12.70) for calibration.31 Vi is the McGowan volume. All sub-212 

stances were analysed at 250 °C and 280 °C, respectively. 213 

3.3 Determination of ompound-specific descriptors 214 

S, A, B, V and L are listed in Table 1. The L-values were measured (see above) and the V-215 

values were calculated (see Supporting Information). In case of DEP, DiBP, DPP, BBzP, 216 

DEHP, DnBA and TPP experimental descriptors are available for S, A and B. These were 217 

taken from the UFZ-LSER database.23 For DiBA, DEHA, DEHTP, TOTM, TEHP and DINCH 218 

S, A and B were calculated from a QSPR approach.23 The enthalpies for the distribution 219 

between air and WIOM ΔwiomH were approximated from the enthalpies of vaporization 220 

ΔvapH32-34 for DEP, DnBP, DiBP, DPP, BBzP and DEHP. For all other compounds ΔwiomH 221 

was approximated from ΔOAH according to equation (10). 222 

 223 

Table 1: Abraham descriptors and enthalpies for the distribution between air and WIOM of 224 

the 14 compounds. The data from Rohac et al.32 and Gobble33, 34 are enthalpies of 225 

vaporization ΔvapH. 226 

Compound E S A B V L 1) ΔwiomH (kJ/mol) 

DEP 2) 0.73 1.26 0 0.90 1.7106 6.75 -82.1 4) 

DnBP 2) 0.70 1.27 0 0.95 2.2742 8.59 -95.0 5) 

DiBP 2) 0.68 1.21 0 0.95 2.2742 8.43 -92.3 5) 

DPP 2) 0.68 1.27 0 0.95 2.556 9.63 -106.5 5) 

BBzP 2) 1.30 1.51 0 1.13 2.4593 9.95 -106.2 5) 

DEHP 2) 0.64 1.25 0 1.02 3.4014 12.70 -116.7 5) 

DnBA 2)  0.05 1.12 0 1.03 2.2300 8.14 -83.6 6) 

DiBA 3) 0.09 0.92 0 0.97 2.2300 8.04 -80.1 6) 

DEHA 3) 0.09 0.92 0 0.97 3.3572 12.16 -114.3 6) 

DEHTP 3) 0.75 1.06 0 0.71 3.4014 13.44 -123.3 5) 

TOTM 3) 0.81 1.08 0 1.02 4.7493 18.87 -167.1 6) 

TEHP 3) -0.11 0.57 0 0.88 3.9296 13.65 -122.4 6)  

TPP 2) 1.83 1.66 0 1.1 2.3714 9.85 -101.2 6) 
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DINCH (low) 3) 0.11 1.12 0 0.99 3.8122 14.19 -135.7 6) 

DINCH (high) 3) 0.11 1.12 0 0.99 3.8122 14.69 -135.7 6) 

1) Experimental data (see text for details) 227 

2) Experimental descriptors from the UFZ-LSER database23 (except L)  228 

3) Calculated descriptors from the UFZ-LSER database23 (except L) 229 

4) From Rohac et al.32 230 

5) From Gobble33, 34 231 

6) Calculated from Schwarzenbach et al.16 232 

 233 

4. Results and Discussion 234 

4.1 Hexadecane/air partitioning coefficients 235 

For the determination of L-values, the known data of the calibration compounds DEP, DnBP 236 

and DEHP at 298 K were directly correlated with the logarithm of the retention time at 250 °C 237 

and 280 °C, respectively. The solutions of the three unknowns in each linear system of 238 

equation (14) are as follows: lL(250 °C) = 0.34972, vL(250 °C) = -0.83553, cL(250 °C) = -239 

0.49006; lL(280 °C) = 0.27344, vL(280 °C) = -0.72221 and cL(280 °C) = -0.22469. After 240 

inserting the McGowan volume Vi (see Table 1) the unknown L-values of the remaining 241 

compounds could be calculated. For reasons of quality control, the experiments were 242 

performed and two different temperatures, because the calculated L-values should be 243 

independent of the absolute retention times. As shown in Figure 1, the data for 250 °C and 244 

280 °C are almost identical and the average values of both measurements are presented in 245 

Table 1. Additionally, the calculation procedure was checked for both temperatures with 246 

DPP, where the experimental L-value of 9.55 is known from earlier experiments.30 DPP was 247 

not used as a calibration compound but served for a validation. Its L-value could be 248 

reproduced with high accuracy (9.55 from Stenzel et al.30 versus 9.63 from this work). The 249 

retention times for the compounds TEHP, DEHTP, DINCH and TOTM were outside the 250 

calibration range (DEP  DEHP) and their L-values had to be extrapolated. TEHP, DEHTP 251 

and DINCH are close to the calibration compound DEHP and the highest uncertainty (18.87 252 

at 250 °C versus 19.13 at 280 °C) was observed for TOTM. This is, however, of minor 253 

importance because previous work showed that almost 100% TOTM is expected to be found 254 

in the particle phase.35 255 

 256 
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 257 

Figure 1: Experimental L values as determined at 250 °C and 280 °C by isothermal gas 258 

chromatography (see text for details). DEP, DnBP and DEHP (in red) were used as 259 

calibration points. DINCH (low) represents the isomer with the lowest retention time and 260 

DINCH (high) represents the isomer with the highest retention time. 261 

 262 

4.2 Comparison of outdoor and indoor aerosols 263 

The experimental descriptors s, a, b, l, v and c are known for nine different outdoor aerosols 264 

at T = 288 K and RH = 50% from specific historic events (see Supporting Information, Table 265 

SI-2) and might not be representative for the for indoor aerosol. The data set provided by Arp 266 

et al.18, 19 covers particle concentrations (PM10) between 8 µg/m³ and 142.2 µg/m³. The 267 

fraction of elemental carbon fEC (weight fraction of zero-valent graphitic carbon) was between 268 

0.04 and 0.16 (six aerosols) and the fraction of organic carbon fOC (weight fraction of carbon 269 

that can be oxidized to carbon dioxide) was between 0.22 and 0.29 (four aerosols) (see 270 

Supporting Information, Table SI-3). These data were compared with aerosol concentrations 271 

(Respirable Particulate Matter (RPM), PM10 and PM2.5) in outdoor and indoor air from several 272 

studies.36-41 The outdoor concentrations (usually 50-P) (P = percentile) were between 12.6 273 

µg/m³ and 78.4 µg/m³. The indoor concentrations (usually 50-P) were between 6.7 µg/m³ and 274 

118.2 µg/m³. There was no trend in the fEC data, all fractions were between 0.04 and 0.14. 275 

However, there was a trend towards higher fOC fractions in the indoor aerosols. The 276 

maximum was 0.48 but most data were in the range between 0.20 and 0.40. For the outdoor 277 

aerosols the range was 0.16 – 0.32. Nevertheless, there is a strong overlap in fOC between 278 
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outdoor and indoor aerosols. Several authors published fOC indoor/outdoor ratios with typical 279 

values between 0.6 and 1.5.36, 39 Due to the known heterogeneity of particulate matter, 280 

especially in urban environments,42 it is therefore concluded that the available experimental 281 

descriptors from Arp et al.19 might also represent a good approximation for indoor aerosols. 282 

Relevant data from the cited publications are summarized in Table SI-3. 283 

In comparison to ambient particles, the chemical composition of indoor aerosols is often 284 

complex, which is due to many specific sources and processes. As outlined by Morawska et 285 

al.,43 the major processes are penetration from outdoors, generation from primary sources 286 

(combustion, heating, cooking, electronic devices, household activities), formation of 287 

secondary aerosols, deposition and resuspension. The burning of candles for example 288 

produces mainly carbonaceous particles,44 while particles emitted from a laser printer consist 289 

of 98% organic compounds.45 290 

Apart from organic matter and elemental carbon atmospheric aerosols contain sulfate, 291 

nitrate, ammonium, sea salt, mineral dust and water.46 Wu et al.47 argue that ammonium 292 

sulfate (NH4)2SO4 is the main contributor to fine particles derived from secondary aerosol 293 

formation in the atmosphere. However, the amount of ammonium and sulfate in the 294 

atmospheric aerosol (urban and rural) is usually < 30%.48 Johnson et al.41 measured 295 

amounts of 11% NH4
+ and 19% SO4

2- in outdoor generated PM1, respectively.  Under 296 

conditions of heavy air pollution, the contribution of ammonium sulfate to the aerosol mass 297 

can be about 50%.49 Rivas et al.40 found 1% NH4
+ and 4% SO4

2- in PM2.5 of school 298 

classrooms. As shown by Goss50 for polychlorinated hydrocarbons (PCBs), adsorption on 299 

inorganic surfaces is small compared to absorption into an organic phase and for an organic 300 

matter content of 30% or higher adsorption becomes negligible. Moreover, (NH4)2SO4 as a 301 

hygroscopic mineral adsorbs large amounts of water and in the range between 20% and 302 

80% its van der Waals surface properties are hardly influenced by the relative humidity.50 303 

 304 

4.3 Sorption to aerosols 305 

Kip-values (m³/g) were calculated from equation (6), unit converted to m³/µg and related to 306 

298 K by use of equation (11). The values in Table 2 represent arithmetic mean (AM), 307 

standard deviation (STD), median (50-P), minimum and maximum of the individual 308 

calculations for the nine aerosols with known descriptors. The range of Kip spans over 309 

several orders of magnitude from DEP (≈10-6 m³/µg) to TOTM (≈107 m³/µg). For the 310 

individual compounds the range of Kip (maximum -minimum) is about one order of magnitude 311 

with an increasing trend towards molecules with higher molecular weight.  Wei et al.51 312 

derived Kip-data from empirical equations by use of a Monte-Carlo technique. The authors 313 

report 50-P values for DEP (Kip = 4.57∙10-5 m³/µg), DiBP (Kip = 2.57∙10-4 m³/µg), DnBP (Kip = 314 
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5.75∙10-4 m³/µg), BBzP (Kip = 1.62∙10-3 m³/µg) and DEHP (Kip = 3.31∙10-2 m³/µg) but, as 315 

shown earlier by Salthammer and Schripp,17 come out with unreasonably broad distributions. 316 

 317 

Table 2: Kip values (298 K) as determined from Abraham descriptors (see Table 1) and 318 

aerosol descriptors (see Arp et al.18, 19 and Table SI-2) by use of equations (6) and (11). 319 

Compound 
Kip (AM) 

(m³/µg) 

Kip (STD) 

(m³/µg) 

Kip (50-P) 

(m³/µg) 

Kip (min) 

(m³/µg) 

Kip (max) 

(m³/µg) 

DEP 1.57∙10-6 9.47∙10-7 1.55∙10-6 4.47∙10-7 3.16∙10-6 

DnBP 6.17∙10-5 4.92∙10-5 5.39∙10-5 1.63∙10-5 1.74∙10-4 

DiBP 4.27∙10-5 3.38∙10-5 3.70∙10-5 1.12∙10-5 1.20∙10-4 

DPP 4.37∙10-4 3.97∙10-4 3.50∙10-4 1.11∙10-4 1.38∙10-3 

BBzP 1.34∙10-3 1.14∙10-3 1.08∙10-3 2.93∙10-4 3.89∙10-3 

DEHP 1.94∙10-1 2.44∙10-1 1.10∙10-1 3.88∙10-2 7.94∙10-1 

DnBA 2.37∙10-5 1.74∙10-5 2.02∙10-5 5.92∙10-6 6.19∙10-5 

DiBA 1.13∙10-5 7.45∙10-6 9.16∙10-6 9.16∙10-6 2.64∙10-5 

DEHA 2.83∙10-2 3.12∙10-2 1.56∙10-2 6.70∙10-3 1.04∙10-1 

DEHTP 2.07∙10-1 2.07∙10-1 1.11∙10-1 5.65∙10-2 6.87∙10-1 

TOTM 8.09∙103 1.02∙104 2.19∙103 9.53∙102 3.11∙104 

TEHP 2.41∙10-1 3.02∙10-1 9.78∙10-2 5.69∙10-2 9.87∙10-1 

TPP 1.58∙10-3 1.38∙10-3 1.21∙10-3 3.50∙10-4 4.70∙10-3 

DINCH (low) 2.03∙100 2.70∙100 9.21∙10-1 4.00∙10-1 8.67∙100 

DINCH (high) 4.06∙100 4.86∙100 1.84∙100 8.58∙10-1 1.56∙101 

 320 

 321 

Figure 2 shows a comparison of the Kip-values (arithmetic means (■), minima and maxima 322 

(whiskers)) from Table 1 with calculated Kip-values from equation (2). The KOA-values were 323 

obtained from SPARC52 (see Supporting Information). An organic carbon fraction fOC = 0.25 324 

was assumed. The fraction of organic matter was then calculated from fOM = 1.6· fOC = 0.4 as 325 

proposed by Turpin and Lim.53 This is in agreement with Weschler and Nazaroff,1 the value 326 

of fOM = 0.2 as proposed by Bidleman and Harner54 was considered to be unreasonably low. 327 
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Moreover, Kip-values for the five phthalates DEP, DiBP, DnBP, BBzP and DEHP from 328 

Weschler et al.55 are presented. These authors used KOA-values from the “three solubility” 329 

approach by Cousins and Mackay51 and applied the equation log Kip = log KOA - 11.72 as 330 

derived by Finizio et al.9 For the determination of Kip from Ps according to equation (1) the 331 

approach from Naumova et al.56 log Kip = -0.860 ∙ log Ps - 4.67 was applied. It is obvious that 332 

in most cases the Kip derived from KOA and Ps are significantly higher than Kip from pp-333 

LFER. 334 

 335 

 336 

Figure 2: Calculated Kip-values for 298 K from Table 1. The filled squares (■) are the 337 

arithmetic mean and the whiskers represent minima and maxima. Calculated Kip from 338 

equation (2) using fOM = 0.4 and KOA-values from SPARC (see Table SI-4 in the Supporting 339 

Information) are also presented (●). Other Kip-values (♦ and ▲) were taken from Weschler et 340 

al.50 341 

 342 

The need for an estimated KOA-value is a considerable disadvantage of equation (2). This 343 

was already investigated by Salthammer and Schripp,17 who evaluated KOA-data from 344 

different sources. Taking DEHP as an example, reported log KOA-values range over more 345 

than two orders of magnitude from 10.53 (Cousins and Mackay57) to 12.89 (SPARC). Zhang 346 

et al.58 came to analogous results when comparing physical-chemical property estimates for 347 

94 halogenated and organophosphate flame retardants.  348 
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The pp-LFER approach (see equation 15) provides values for DEHP of log KOA(dry octanol) 349 

= 13.16 and KOA(wet octanol) = 13.02. All data are summarized in the Supporting 350 

Information. It is generally obvious that KOA(SPARC) > KOA(pp-LFER) for molecules of low 351 

molecular weight and KOA(SPARC) < KOA(pp-LFER) for molecules of high molecular weight. 352 

In some cases the deviations are in the order of a magnitude. A similar problem arises if Kip 353 

is derived from Ps. As shown by Schossler et al.,35 Kip being calculated from KOA and Ps can 354 

widely differ, which is due to the uncertainties in the descriptors. The pp-LFER approach 355 

overcomes this problem by defining different descriptors for van der Waals interactions (L, 356 

which can be precisely measured) polarizability (S) and donor/acceptor interactions (A, B). 357 

For the compounds being considered here it is a further advantage that the donor term A can 358 

be neglected. 359 

 360 

4.4 Sorption of DEHP to a pure organic phase 361 

Wu et al.47 studied the distribution of DEHP between air and two different types of organic 362 

particles (squalane and oleic acid) at 298 K. For oleic acid, Kip from eight independent 363 

measurements ranged from 0.05 m³/µg to 0.41 m³/µg with an arithmetic mean of 0.23 m³/µg. 364 

For squalane, Kip from nine independent measurements ranged from 0.04 m³/µg to 0.37 365 

m³/µg with an arithmetic mean of 0.11 m³/µg. This is in good agreement with the Kip-values 366 

for DEHP as calculated from the pp-LFER approach at 298 K (see Figure 3). In other words, 367 

the gas/particle distribution of DEHP can be equally described by pure organic particles (fOM 368 

= 1) and by urban aerosols (fOM ≈ 0.4). This is surprising because Kip is directly proportional 369 

to fOM and probably due to the large standard deviations (0.13 m³/µg for oleic acid,43 0.10 for 370 

squalane47 and 0.24 m³/µg (see Table 2) for aerosols), which do not allow to distinguish 371 

between Kip values within a factor of 2.5. 372 
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 373 

Figure 3: Measured and calculated Kip-values (arithmetic mean (■), minima and maxima) for 374 

DEHP. Oleic acid (298 K) and squalane (298 K): Wu et al.;47 aerosol (288 K) and aerosol 375 

(298 K): this work; (NH4)2SO4 (298 K): Wu et al.;47 (NH4)2SO4 (295 K): Benning et al.;59 376 

other data: (●) this work, (♦ and ▲) Weschler et al.55 377 

 378 

For squalane and oleic acid the ratio cpart/cg, where cpart is the total mass of DEHP sorbed to 379 

the particle divided by the particle volume and cg is the gas phase concentration, should be 380 

in the range of the octanol/air (KOA) and hexadecane/air (L) distribution coefficient for DEHP. 381 

Wu et al.47 report log (cpart/cg) values of 11.18 for oleic acid and 10.95 for squalane. These 382 

values are lower than the calculated data from SPARC (KOA = 12.89) and pp-LFER (KOA = 383 

13.12, L = 12.70). However, it must be kept in mind that KOA is a predicted value and L is a 384 

measured value. SPARC also allows the prediction of the squalane/air distribution coefficient 385 

KSqA from the squalane/water distribution coefficient and Henry’ constant. For DEHP, log 386 

KSqA = 12.67, which is in the expected range of log KOA and L. The differences to log (cpart/cg) 387 

are higher than an order of magnitude, which might be due to experimental uncertainties. In 388 

particular, the calculated particle volume being obtained from a scanning mobility particle 389 

sizer (SMPS) is usually error-prone. Especially for the case of a compound with a high log 390 

KOA and L value, which means high concentration in the organic phase and low 391 

concentration in the gas phase, small changes in cpart and cg cause high deviations of their 392 

ratio.  393 
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 394 

Table 3: Descriptors of various sorbents (solvent/air for octanol and hexadecane; surface/air 395 

for (NH4)2SO4) as taken from the UFZ-LSER database.23 396 

Sorbent e s a b v l c T (K) 

wet octanol 1) 0.09 0.70 3.48 1.48  0.85 -0.22 298 

dry octanol 1) -0.21 0.56 3.51 0.75  0.94 -0.15 298 

wet + dry hexadecane 1)      1.00  298 

(NH4)2SO4 2) (20% RH)   2.46 5.23  0.90 -8.47 288 

(NH4)2SO4 2) (40% RH)   2.46 5.23  0.89 -8.47 288 

(NH4)2SO4 2) (60% RH)   2.13 5.34  0.88 -8.47 288 

1) Abraham et al.60 397 

2) Goss et al.27 398 

 399 

 400 

4.5 Sorption of DEHP to ammonium sulfate 401 

Benning et al.59 determined Kip for the gas/particle distribution of DEHP between air and 402 

ammonium sulfate particles (medium diameter 45 +/- 5 nm) at 295 K. From eight 403 

independent measurements Kip ranged from 0.014 m³/µg to 0.55 m³/µg with an arithmetic 404 

mean of 0.032 m³/µg. Wu et al.47 used a similar experimental approach and report a range 405 

from 0.008 m³/µg to 0.022 m³/µg with an arithmetic mean of 0.011 m³/µg from 10 406 

independent measurements at 298 K. As shown in Figure 3, the Kip-values for (NH4)2SO4 407 

are about an order of magnitude lower than the experimentally determined and calculated 408 

Kip-values for aerosols that include organic matter. This can be explained by different 409 

sorption mechanisms. Furthermore, Wu et al.47 discuss the influence of the active area in 410 

case of adsorption and conclude that their deviations from the Benning et al.59 data is due to 411 

different size distributions of the (NH4)2SO4 particles. Wu et al.47 also determined Kisurf ≈ 300 412 

m (see equation 7), the particle surface/volume ratio was obtained from particle counting 413 

measurements under consideration of the density of (NH4)2SO4. This is comparable to the 414 

results of previous studies on the adsorption of DEHP on surfaces.61 415 

The chamber experiments by Benning et al.59  were conducted using clean, dry cylinder air 416 

for particle generation. Following particle generation, the air stream was passed through a 417 

diffusion dryer. Wu et al.47, 61 do not mention or discuss the relative humidity during their 418 

chamber experiments. However, Wu et al.47 provided the information that the (NH4)2SO4 419 
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particles were dried and that the humidity in their chamber was almost zero (Yaoxing Wu, 420 

personal communication). As comprehensively outlined by Goss,50 the adsorption at 421 

inorganic surfaces is strongly influenced by the relative humidity. If a hygroscopic surface like 422 

(NH4)2SO4 is covered with water it can be assumed that the water layer is a saturated 423 

solution of the salt. The organic molecules interact with this water layer rather than the 424 

mineral surface itself. As shown in Table 3, the (NH4)2SO4 sorption descriptors are almost 425 

identical at RH = 20%, 40% and 60%, respectively. When applying equation (8) for 426 

estimating the distribution of DEHP between air and a (NH4)2SO4-surface at 288 K, the 427 

results are log Kisurf(288 K, 20% RH) = 8.32 m, log Kisurf(288 K, 40% RH) = 8.18 m and log 428 

Kisurf(288 K, 60% RH) = 8.15 m. The enthalpy of adsorption ΔsurfHi, calculated from equation 429 

(12), is ≈ 170 kJ/mol, which leads to log Kisurf(298 K) values in the range of 7.2 (see equation 430 

13). These coefficients are considerably higher than the reported log Kisurf = log 300 (m) ≈ 2.5 431 

by Wu et al.47 432 

This discrepancy cannot easily be resolved. However, we do not feel the need for a 433 

comprehensive discussion of SVOC adsorption on dry or wet (NH4)2SO4 surfaces, because 434 

this type of aerosol is not of importance for the indoor environment. Seinfeld and Pandis62 435 

showed that neither ammonia nor sulfate dominate the chemical composition of urban, rural, 436 

remote, desert and maritime aerosols. The same authors demonstrate the high complexity of 437 

ammonia-sulfate-water chemistry of atmospheric aerosols. Storey et al.63 point out that 438 

gas/solid partitioning coefficients, which are significantly below the coefficients for urban 439 

particulate matter, hardly play a role in environmental processes. Finally, the determination of 440 

Kisurf values is often subject to error, because the calculation of particle surface areas from 441 

SMPS data is associated with some uncertainties.64  442 

 443 

4.6 Fraction in gas phase and particle phase 444 

For exposure analysis it is of considerable importance to know if the compound of interest i is 445 

primarily in the gas phase or particle-bound.65 This information can be obtained from 446 

equation (4) under assumption of equilibrium conditions. When considering particle 447 

diameters < 1 µm, the time to achieve equilibrium is less than 1min for compounds with a 448 

KOA < 10.5 and 1 min – 1 h for compounds with KOA > 10.5.1 Figure 4 shows scenarios for 449 

TSP-concentrations of 10 µg/m³, 25 µg/m³ and 50 µg/m³, respectively. The Kip-values are the 450 

arithmetic means from Table 1. It becomes obvious that DEP, DiBA, DnBA, DiBP and DnBP 451 

are expected to be found in the gas phase. It is also clear that for DINCH and TOTM more 452 

than 90% are expected in the particle phase. The overall quality of the descriptors is of minor 453 

importance for the results of DINCH and TOTM, which is due to the high KOA- and L-values. 454 

However, more difficult situations arise for the other SVOCs. It is obvious that the major 455 
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fractions of DEHP, DEHTP and TEHP will be found in the particle phase (> 80% for [TSP] > 456 

25 µg/m³). For DEHP, this is in accordance with the study by Salthammer and Schripp,17 who 457 

calculated a particle-bound fraction higher than 75%. For DPP and BBzP, the Kip from 458 

KOA(SPARC) is significantly higher than Kip from pp-LFER. The situation is similar for TPP 459 

but the deviation is smaller. Consequently, the pp-LFER approach predicts a fraction of more 460 

than 90% DPP, BBzP and TPP in the gas phase. Especially in case of BBzP, Kip from 461 

equation (2) allows for higher particle-bound fractions, which is due to the KOA(SPARC) of 462 

11.59. For DEHA the Kip from pp-LFER is 2.83∙10-2 m³/µg. This means that even small 463 

changes of the TSP-concentration cause high changes of the particle-bound fraction, which 464 

makes a prediction very uncertain. Sühring et al.66 studied the gas/particle partitioning of 465 

several organic esters and come to analogous results for TPP and TEHP on the basis of 466 

single-parameter models. Okeme et al.67 compared experimental gas/particle partitioning 467 

data of organophosphate esters with single- and pp-models and state that for this class of 468 

compounds the sampling on filters might be subject to artifacts.  469 

 470 

 471 

Figure 4: Particle-bound fractions Φ of the 14 SVOCs for different concentrations of TSP. 472 

The fractions were calculated by use of equation (4) and the Kip-values are the arithmetic 473 

means from Table 1. Please not that DINCH (low) and DINCH (high) refer to different 474 

isomers (see text for details). 475 
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 476 

The pp-LFER approach appears as an advanced tool for the prediction of gas/particle 477 

distributions of SVOCs. However, when taking into account uncertainties of the 478 

experimentally determined and calculated predictors as well as the heterogeneity of 479 

aerosols, it seems to be unlikely that precise estimates of Kip can be made. As already 480 

discussed,17 such predictions yield quite reliable results for compounds of very high and very 481 

low volatility. However, for compounds with a Kip in the range of 10-1 - 10-2 m³/µg equation (4) 482 

causes high uncertainties. The aerosol descriptors available from Arp et al.19 appear 483 

applicable for the indoor environment. Nevertheless, it would be beneficial to determine 484 

aerosol descriptors from a data set of true indoor aerosols.  485 

 486 
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