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ARTICLE INFO ABSTRACT

Keywords: Indoor organic pollutants are typically categorized into (very-)volatile, semi-volatile, and low-volatile organic
Indoor air quality compounds (VOCs, SVOCs, and LVOCs) for easier handling. Existing criteria have been found to be neither
VOCs consistent nor precise in classifying many compounds, primarily because they have not captured the apparent
}S>Zrct)i(iisoning differences between VOCs, SVOCs, and LVOCs: VOCs predominantly exist in the air, LVOCs mainly reside in
House dust reservoirs like house dust, and SVOCs serve as transitional compounds between them. Based on a systematic

analysis of the relative abundance of compounds between house dust and indoor air (the two crucial transfer and
storage media of indoor organic pollutants), a novel criterion was proposed in this study, i.e., VOCs: log Ky, < 6,
SVOCs: 6 < log Kyq < 9.8, and LVOCs: log K,q > 9.8 (K, is the octanol-air partition coefficient of compounds). In
doing so, we developed a novel equation to estimate the dust-air partitioning quotient of compounds (Ky),
incorporating for the first time the effects of K, and indoor conditions on Ky; and subsequently we determined
the boundaries between VOCs, SVOCs, LVOCs based on the K4 equation and Monte Carlo simulations (to assess
the combined effects of various indoor conditions). Consistence between classification results and literature
evidences, as well as good agreement between estimates of the K4 equation and measured data retrieved from the
literature, justified the proposed criterion. The novel criterion should facilitate the selections of most suitable
methods for the chemical analysis, exposure assessment, and effective controls of organic pollutants in indoor
environments.

Monte Carlo

transport characteristics are highly uncertain [9].

Early in 1989, the World Health Organization proposed a classifi-
cation criterion for indoor organic compounds based on their boiling
. . . points (BP): VVOC (< 0 °C to 50-100 °C), VOC (50-100 °C to 240-260

' Orga.mc compounds are an' 1mporta'nt factor that can degrade. l'IldOOI‘ °C), SVOC (240-260 °C to 380-400 °C), and organic compounds asso-
ar .quahty [1’2.]' .Pollut.ants in the air can more or less partition to ciated with particulate organic matter (POM, > 380 °C) [10]. Note,
Varl(?us reser.\101rs including house dust, .alrborfle p.artlcles., and suljfaces, VVOC is hereinafter merged into VOC since they are both dominating in
lead}ng t(? d1ve1.'se exposure pathways 1nch.1dmg 1nha.lat10n of air and the air, and POM is considered to be equivalent to LVOC. Because some
particles, ingestion of dust, and dermal sorption from air and surfaces [3, compounds decompose before they boil (difficult to obtain their BP),

4. .0r§ar}ic coc;nlpoundf .zlire ofte.n classiﬁej as (very-)volatilezi other criteria are also proposed [11]. For example, the vapor pressure
semi-volatile, and low-volatile organic COfnpoun s (VOCs, SVOCs, an (V,) [5]: VOC (> 10 Pa) and SVOC (107 to 10 Pa); the gas chromato-
LVOCs) [5-7]. Much of our understanding of human exposure and

associated effects is based on measurements of compound concentra-
tions in indoor air and dust, specifically in the air for VOCs, in both the
air and dust for SVOCs, and in the dust for LVOCs [7]. Thus, the clas-
sification facilitates the selection of most suitable measures for chemical
analysis and exposure assessment [8], which is particularly important
for the increasing number of emerging pollutants whose indoor

1. Introduction

graphic retention time [12]: VOC (eluting before n-hexadecane) and
SVOC (after n-hexadecane); and the carbon number [13]: VOC (< Ci¢)
and SVOC (C16-Cg2). Unfortunately, some problems have been identi-
fied in the applications of these criteria [14]. First, different criteria may
result in inconsistent classifications for some compounds [11]. For
instance, 8:2 fluorotelomer alcohol (8:2 FTOH) can be classified as VOC

* Corresponding author.
E-mail address: caojp3@mail.sysu.edu.cn (J. Cao).

https://doi.org/10.1016/j.buildenv.2024.112497
Received 21 October 2024; Received in revised form 6 December 2024; Accepted 22 December 2024

Available online 25 December 2024
0360-1323/© 2024 Elsevier Ltd. All rights are reserved, including those for text and data mining, Al training, and similar technologies.


mailto:caojp3@mail.sysu.edu.cn
www.sciencedirect.com/science/journal/03601323
https://www.elsevier.com/locate/buildenv
https://doi.org/10.1016/j.buildenv.2024.112497
https://doi.org/10.1016/j.buildenv.2024.112497
https://doi.org/10.1016/j.buildenv.2024.112497
http://crossmark.crossref.org/dialog/?doi=10.1016/j.buildenv.2024.112497&domain=pdf

X. Duan et al. Building and Environment 270 (2025) 112497

Nomenclature K, Particle-air partitioning quotient (m®/pg)
K Surface-air partitioning quotient (m)

Ag4 Area of dust-deposited surfaces (m?) Kya Water-air partitioning coefficient (-)

Cq Gas-phase concentration (pg/mg) Lq Dust mass per surface area (g/mz)

Cq Dust-phase concentration (1g/g) My Total mass of dust (g)

Cp Particle-phase concentration (pg/m3) R, Removal rate of dust (s~ 1)

fom,d Fraction of organic matter in dust (-) R, Resuspension rate of dust )

fomp Fraction of organic matter in particle (-) TSP Concentration of particles (ug/m®)

H Room height (m) V, Total volume of indoor air (m?)

Rnd Mass transfer coefficient (m/s) V4 Particle deposition velocity (m/s)

K4 Dust-air partitioning quotient (m3/pg) A Vapor pressure (Pa)

Kae K, at equilibrium state (mS/pg) Ba Dust-air relative abundance (-)

Koa Octanol-air partition coefficient (-) Pp Particle-air relative abundance (-)

Kog st SVOC-to-LVOC threshold of K, (-) Bs Surface-air relative abundance (-)

Koavs VOC-to-SVOC threshold of K, (-) pd Dust density (pg/m>)

and SVOC based on the BP criterion (BP = 113 °C [15]) and V}, criterion
(Vp,=1.6Pa[15]), respectively. Second, existing criteria are not precise
for some compounds though their classifications are consistent. Partic-
ularly, some pollutants being consistently classified as VOC have been
found to behave like SVOCs indoors (with meaningful amount in both
the air and reservoirs), e.g., furaneol (CgHgO2, BP = 216 °C, V), = 31 Pa)
[4] and hexanoic acid (C¢H1202, BP = 203 °C, V, = 14 Pa) [16,17] (BP
and V, were obtained from US EPA CompTox Chemicals Dashboard
v2.4.1: https://comptox.epa.gov/dashboard/).

Gas-reservoir partitioning of organic compounds is typically gov-
erned by the volatility: lower volatility often corresponds to greater
amount in reservoirs [5]. Thus, VOCs are often considered as com-
pounds with negligible amount in reservoirs (mainly exist in the air),
LVOCs are exactly the opposite (mainly exist in reservoirs), and SVOCs
are compounds with comparable amount in the air and reservoirs.
However, the above criteria are all defined based on the basic properties
of organic compounds (BP, V), etc.) instead of their relative abundance
in the air and reservoirs, which is the apparent differences between
VOCs, SVOCs and LVOCs. To facilitate the consistent and precise clas-
sification of indoor organic compounds, it is desirable to propose a novel
criterion based on their reservoir-gas relative abundance in indoor
environments.

In this study, indoor air and house dust are selected as the main focus
because they are the two most frequently-used media for assessing the
pollution levels and human exposure of organic pollutants in the indoor
environment [18-21]. Since the dust-air relative abundance (4;) of in-
door compounds is affected by both the compound properties and
environmental conditions (see details in Section 2.1), the f4-based cri-
terion is expected to vary significantly among indoor environments.
Thus, an equation incorporating the effects of compound properties and
indoor conditions on f4 will be established at first. Subsequently, the
novel criterion will be derived based on the principle that the classifi-
cation shall be consistent in different indoor environments (i.e., condi-
tions of fg < 1 and fg > 1 always stand for VOCs and LVOCs,
respectively). In particular, the variations of 4 in different indoor en-
vironments (associated with the combined effects of various indoor
parameters) will be quantified by performing Monte Carlo simulations
with the distributions of each indoor parameter.

2. Materials and methods
2.1. Method principle and key challenges
The dust-air relative abundance (f4) of a certain compound can be

determined by comparing its whole-house amount in the dust to that in
the air, i.e.,

MgCq Aq. Cq 1 .
- 8y 2 2L K10 1
voc, v, tog, ~plaKa 1)

Pa

where C, (ug/m3, compound mass per air volume) and Cy (jg/g, com-
pound mass per dust mass) are compound concentrations in the air and
dust, respectively; Vg (m®) is the total volume of indoor air; My (g, =
AgeLy) is the total mass of dust; Ag (m?) is the total area of dust-deposited
surfaces; Lq (g/m?, dust mass per surface area) is the dust loading; K4
(m3/pg, = C4/Ce/10%) is the dust-air partitioning quotient of the com-
pound; and the factor of 10° accomplishes the unit conversion (1 g = 10°
pg). Assuming that dust is primarily deposited on horizontal surfaces
like floors [22], the ratio of V, to Agq can be approximate to the room
height (H, m) and thus 34 equals the product of 1/H, Lg4, and Ky, i.e., the
rightmost term of Eq. (1).

According to the definitions given in Introduction, VOCs are com-
pounds with 4 <« 1, LVOCs are compounds with g4 > 1, and f4’s of
SVOCs are relatively moderate. Thus, if H and Ly are known, a critical K4
dividing VOCs and SVOCs can be obtained by substituting a sufficiently
small f4 (e.g., 0.1) into Eq. (1), and another critical Ky dividing SVOCs
and LVOCs can be obtained with a sufficiently great f4 (e.g., 10).
However, H and L4 are inherently variable among houses, e.g., Johnson
et al. [23] found that Ly varied over 2 orders of magnitude (0.04 ~ 2.33
g/mz) in 488 houses. Hence, the two critical Kq's are also expected to
vary significantly in different indoor environments, greatly impeding
their use in classifying indoor organic compounds. Furthermore, Ky is
not suitable for use as the critical metric since it is affected by not only
the compound properties (e.g., V, and octanol-air partition coefficient
(Koq) [24]) but also the indoor environmental conditions (e.g., Lg [25,
26] and residence time of dust [27]). This problem can be simplified by
using an equation explicitly describing the relationship between K4 and
its dependent variables (especially indoor conditions). However, such
equation is not available now, which is considered to be the key chal-
lenge of the present study and thus will be established below. A list of K4
equations reported in the literature is provided in Section S1 (S denotes
the Supplementary Material).

2.2. Novel equation for estimating Kq

In 2015, Shi and Zhao [22] developed a mechanistic model to esti-
mate Cq by assuming that organic compounds in house dust was accu-
mulated mainly due to the sorption of compounds from the air and the
deposition of compound-laden airborne particles, while removed by the
resuspension and cleaning of dust. The correlation between model es-
timates (y) and 66 measured data (x) was very close to the y = x line (y =
0.93x + 0.09, R? = 0.73), verifying the model performance. Therefore,
the novel equation for estimating Kq was developed on the basis of Shi
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and Zhao’s model. Accordingly, the mass balance equation of a certain
compound in house dust can be expressed by,

d(M4Cq)

C
L — afg (ca - Kd‘106> +V4AdCy — RMyCq — R-MsCq (2)
e

where h,q (m/s) is the air-to-dust mass transfer coefficient; R, (s Disthe
resuspension rate of dust; R, (s~ is the removal rate of dust due to
cleaning activities; Kqe (m®/pg) is the dust-air partitioning coefficient of
the compound at equilibrium; v4 (m/s) is the deposition velocity of
airborne particles; and C, (ug/m®) is the compound concentration
associated with airborne particles, which can be calculated by [28]:

C, = K,-TSP-C, ©)

where TSP (ug/m®, particle mass per air volume) is the mass concen-
tration of airborne particles; and K, (m3/pg) is the particle-air parti-
tioning quotient of the compound, which can be estimated by the model
proposed in our previous study [29] (see details in Section S2).

Li et al. [27] found that dust-air partitioning of compounds had
reached the steady state in indoor environments. At the steady state, the
left term of Eq. (2) will be equal to zero, i.e., d(MyCq)/dt = 0, and thus
the equation of C4 can be derived as,

RndCa + va-K, TSP-C,

C, =
*7 ha/ (Kao10°) + (R, + Ro)La

4

Subsequently, the equation of K4 can be obtained by Kq = C4/Cqo/ 10°
(m3/pg), ie.,
Y

Ky = Ky, (1 + —de-TSP) {1 4
hmd

I -1
LRE)deve.loé} 5)
hmd

Eq. (5) can also be expressed in the logarithmic form that is more
frequently used [24],

(R +R. )Ldeve. ) 06}
hmd

(6)

As described in Section S2, the equation of K, is rather complex,
which may complicate the use of Eq. (6). Fortunately, we find that the K,
term (v4/hmqeK,eTSP) has insignificant effects on the estimations of K.
As shown in Figure S1, the difference between the estimations of Eq. (6)
when TSP = 0 (i.e., neglecting the K, term) and those when TSP = 60 pg/
m3 (typical TSP in indoor environments[27]) is less than 0.05 (the
typical range of log Kqis -6 ~ -1 as shown in Fig. 1). Thus, Eq. (6) can be
simplified as,

logKy = logKg, + log<1 + ’:/—de-TSP> — log {1 +
md

L
o Bolld, 106 @
'md

logK; = logK4, —log|1 +

Furthermore, K4, is often predicted in existing studies using the
equation proposed by Weschler and Nazaroff [19]: log Kq . = log Koq +
log fom,a — 10g pa (fom,q is the fraction of organic matter in dust and pg is
the dust density). The values of f,,, g and p4 are often fixed as 0.2 and 2 x
10'2 pg/m?, respectively [19], yielding the equation for predicting Kge
based solely on K,q,

logKy. = 10gKe — 13 or Ky, = Koq-107'2 (m®/pg) (©))
Consequently, Eq. (7) can be rewritten as,

(Rr + Rc )Ld

logKy = logK,, — 13 — log |1+ Koa-1077 9)

md
Eq. (9) is the final form of the novel K equation, which exhibits the
dependence of K4g on both the compound property (K,q) and indoor
parameters (R, R, Lg, and hpg).

Building and Environment 270 (2025) 112497

1038 115
2 T T T T T T T
EQ NE MP
0+ T
ADR
e 59
24 ° 79 9 ] 2
_ I e 230
»;\; Py Q
S 4 . 1
<
&
-6 4
log K measured
""" 10g K prediciea (Median)
-84 108 Ky pregiceea (95% C1) - o
""" 10g K predictea + 1
10 T T T T T T T
4 6 8 10 12 14 16 18 20

log K,
Fig. 1. Comparison between measured data of log K4 and estimates of Eq. (9).
Points/bars: means/standard deviations of measured data; Red-solid curves: 95
% CI of estimates (acceptable deviation range, ADR); Red-dash curve: median of
estimates; Green-dash curves: median of estimates & 1 (ADR defined by Li et al.
[271); Vertical dash lines: thresholds of log K,, dividing dust-air partitioning
into three domains (EQ: equilibrium, NE: nonequilibrium, MP: maximum
partition, defined by Li et al. [27]).

2.3. Boundaries between VOCs, SVOCs, and LVOCs

The equation for calculating the relative abundance of a compound
in house dust and indoor air () can be updated by combining Eq. (1)
with Eq. (9), i.e.,

-1

1 107 R, +R. 107 R, +R,
Ba = T (Koa'Ld + - ) or logp; = —logH — log <Koa'Ld + o )
(10)

As stated in Introduction, VOCs are mainly existed in the air (with
negligible amount in dust, i.e., f3 < 1) while SVOCs have comparable
abundance in both the air and dust. Thus, a sufficiently small 4 can be
used as the threshold for dividing VOCs and SVOCs. Because the
measuring errors of compound concentrations are often in the order of
10 % [21,30,31], the threshold of f; is set to be 0.1, which yields the
equation for calculating the boundary between VOCs and SVOCs
(designated as Koq,ys),

107 /10 R, +R
Koa,vx = (i - £

Is \H  hu

=7 —logLy — log(

-1
) or 10gKoqs

10 R, + Rc>

H Aoy an

Conversely, the threshold of 4 for dividing SVOCs and LVOCs should
be significantly greater than 1, which is set to be 10 (corresponding to
the inverse of 0.1). Then, the boundary equation between SVOCs and
LVOCs (Koq,s1) can be obtained,

« _107(1 R+R
ast =7 \10H ~ ~ hpg

-1
) or lOgKua.sl

1 R +R
:7flongflog<ﬁf o )

12)

2.4. Indoor parameters, data sources and Monte Carlo simulations

Indoor parameters: According to Egs. (9), (11), and (12), five in-
door parameters (Lg, H, Ry, R, and hy,q) are required for the calculations
of Ky, Koq,vs and Koyqq. In addition, the distributions of these parameter
are required in the following Monte Carlo simulations, which are all
assumed to be lognormally distributed in this study. Details of these
indoor parameters are listed in Table 1 (more specific information is
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Table 1
Summary of indoor parameters used in the calculations (lognormal distribution
is assumed for each parameter, details are presented in Section S3).

Parameters Geometric Geometric Standard 95 % Confidence Interval
Mean (GM) Deviation (GSD) (Lower to Upper Bounds)
Ly (g/m?) 0.311 2.73 0.043 ~ 2.33
H (m) 2.40 1.12 1.92 ~ 3.00
R, (1077 1.39 3.70 0.255 ~ 7.41
s’l)
R, (1077 0.613 2.80 0.231 ~ 2.31
s
Fma (107%% 3.89 1.97 1.03 ~ 7.78
m/s)

provided in Section S3). Note, when determining the distributions of Lg,
H, R, and R,, Layton and Beamer [32] was regarded as the key reference
because their results were summarized from measurements of over 200
residences in the US and Netherlands.

Data sources: To evaluate the performance of Eq. (9) (novel Ky
equation), a total of 1794 K, values of 139 compounds were collected
from the measurements of 60 articles, as listed in Table S2 (see the se-
lection criteria in Section S4). Note, the collected data may be far from
exhaustive because we are not intended to perform a systematic review
of K4 of indoor organic pollutants, but the number of these data shall be
adequate for the evaluation. In addition, K, is the key parameter
reflecting the dependence of K4 on compound properties. K,, values of
the target compounds are listed in Table S2 and these values were
determined by the method provided in Section S4.

Monte Carlo Simulations: Estimates of Egs. (9), (11), and (12) are
likely to be variable in different indoor environments because variable
indoor parameters are involved in these equations. Thus, Monte Carlo
simulations were performed to obtain the distributions of their estimates
(K4, Koa,vs» and Kyq ¢) by running the calculations 10,000 times (found to
be sufficient to obtain stable distributions) with the values of each
parameter randomly selected from their distributions listed in Table 1.
The 2.5™ and 97.5™ quantiles of the outputs were selected as their upper
and bottom bounds, respectively, which were then defined as the 95 %
CI of estimated Kg, Koq,vs, and Kogs.

3. Results and discussion
3.1. Performance of novel K4 equation

Comparisons between collected data and estimates of Eq. (9) are
shown in Fig. 1 as a function of log Ky, For the convenience of illus-
tration, collected data was grouped into 78 clusters, with an interval of
0.1 for log K, values, in the figure. For example, the mean value and
standard deviation of log K4 values with log K,, € [7.95, 8.05) were
depicted as a point and an error bar, respectively (x-coordinate of the
point was set as the mean log K, of these log K4 values). The median and
95 % CI of the estimated log Kq were plotted as the red-dash and red-
solid curves in Fig. 1, respectively.

It can be seen that, as the increase of log Kyq, log K4 tends to linearly
increase at first, then gradually deviate from the line, and finally reach a
maximum value. This pattern is consistent with the findings of Li et al.
[27], i.e., dust-air partitioning can be divided into three domains:
equilibrium (EQ, log Kj is linearly related to log K,q), nonequilibrium
(NE, log K; is non-linearly related to log K,,), and maximum partition
(MP, log K, reaches its maximum and is independent of log K,,). These
domains are divided by two thresholds of log Kyq: EQ (log Kyq < 10.38),
NE (10.38<log Kyq < 11.5), and MP (log K,q > 11.5). As shown in Fig. 1,
our K4 equation also follows the above division: median log K is inde-
pendent of indoor parameters when log K,q < 10.38 while becomes
independent of log K,, when log K,, > 11.5. Additionally, Li et al. [27]
also proposed a K4 equation: log Kg1; = log Koq + 108 fomp—12—1log (1 +
2.09><10’1°f0m,pK0a) (fomp = 0.4). As depicted in Figure S2, the relative
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deviations between estimates of Li’s equation and median estimates of
Eq. (9) are less than 20 %, indicating good agreement between two
equations. Compared to Li’s equation, the advantage of Eq. (9) is that it
can describe the effects of indoor parameters on dust-air partitioning
(especially in NE and MP domains).

To quantify the degree of agreement between Eq. (9) and collected
data, we firstly defined the region bounded by the red-solid curves in
Fig. 1 (95 % CI of the estimated log Ky) as the acceptable deviation range
(ADR) of Eq. (9). As shown, most points in MP domain are within the
ADR; but on the contrary, most points in EQ domain are out of the ADR.
This is because Eq. (9) becomes independent of indoor parameters in EQ
domain and thus the corresponding ADR becomes very narrow (even
converges to a line), which indicates that the above ADR requires
redefinition. Li et al. [27] defined the ADR of their K4 equation as the
region bounded by a deviation of + 1 log unit from the estimated log K4
(because their equation could only generate a single log K4 value for
each compound). This ADR was considered to be reasonable since
measured K4 values of many compounds varied over 2 orders of
magnitude (e.g., log Ky of di-2-ethylhexyl phthalate (DEHP) varied from
—2.34 to 0.27 according to the results of Sukiene et al. [33], REF #40 in
Table S2). Thus, a novel ADR for evaluating our K4 equation was defined
by combining the 95 %CI ADR with the +1 ADR, i.e., the maximum
region bounded by red-solid curves and green-dash curves in Fig. 1.
Green-dash curves were plotted with the values with deviations of + 1
log unit from median estimates of Eq. (9). Noted that the new ADR still
cannot cover the measuring errors of all the data points because the
error bars of some points in Fig. 1 span over 2 or even 3 log units.
Nevertheless, 85.9 % of the mean data points (EQ: 73.5 %, NE: 100 %,
MP: 93.9 %) were within the ADR and 69.4 % of the individual data
point (EQ: 63.2 %, NE: 70.8 %, MP: 77.7 %, as listed in Table S2) were
within the ADR. The high match rates between the ADR and collected
data imbued strong confidence in the novel K4 equation.

Overall, the above results give convinced support on the perfor-
mance of the novel K; equation and the reasonability of the values/
distributions of indoor parameters listed in Table 1, which is the
essential basic of the classification criterion derived below.

3.2. Classification criterion based on Koq of organic compounds

Theoretically, the classification of indoor organic compounds can be
implemented based on log Koq s and log Koq,q defined in Egs. (11) and
(12), i.e., VOCs (log Koq < log Koq,vs), SVOCs (log Koa,vs < log Koq < log
Koa,s), and LVOCs (log K,q > log Kyq,51). However, the classification can
vary significantly in different houses because Koq,ys and Koqq are the
functions of variable indoor parameters according to Eqs. (11) and (12).
Therefore, Monte Carlo simulations were performed to quantify the
variation ranges of Koq,s and K,q g associated with the combined vari-
ation of indoor parameters. The results indicated that 95 % CI of log
Koq,vs Was 6.02 ~ 7.72 (median: 6.88) and 95 % CI of log Kyq 5 Was 8.04
~ 9.75 (median: 8.90), which were considered to be the variation ranges
of log Koq,vs and log Kyq ¢ in most (> 95 %) indoor environments.

According to the principle that compounds being classified as VOCs
shall always meet the condition of 3 < 0.1 (mainly exist in the air in
most indoor environments), the criterion of VOCs should be set as the
bottom bound of log Koqys (6.02). In contrast, the criterion of LVOCs
should be set as the upper bound of log K45 (9.75) because LVOCs are
defined as compounds always meeting the condition of 4 > 10. Beyond
these ranges, compounds will be classified as SVOCs. For the conve-
nience of applications, the two thresholds of log K,, were rounded as 6.0
and 9.8, respectively, becoming slightly stricter than the original
thresholds (< 6.02 and > 9.75). Thus, the classification criterion of in-
door organic compounds based on their log K,q values was settled as:
VOCs (log Kyq < 6), SVOCs (6 < log Kyq < 9.8), and LVOCs (log Kyq >
9.8).

We also performed Monte Carlo simulations for Eq. (10) to quantify
the variation ranges of log f4, as shown in Fig. 2. The red-solid curves
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Fig. 2. Variation range of f; as a function of log K,, obtained by Monte Carlo
simulation. Cyan-horizonal line: 3 = 0.1 (boundary between VOCs and
SVOCs); Yellow-horizonal line: 3 = 10 (boundary between SVOCs and LVOCs).

represent the 2.5M and 97.5t" quantiles (i.e., 95 % CI) of the simulated
log f4. According to the points of intersection between the 95 % CI
curves and the cyan-horizonal line (54 = 0.1), the threshold of log K,
dividing VOCs and SVOCs was 6.02 ~ 7.72, which also yielded a cri-
terion for VOCs as log K,q = 6.02. Similarly, the threshold of log Ky,
dividing SVOCs and LVOCs was determined to be 8.04 ~ 9.75 based on
the yellow-horizonal line (83 = 10), yielding a criterion for LVOCs as log
Koq = 9.75. Thus, consistent classification criterion was obtained by
Monte Carlo simulations of Eq. (10) and those of the boundary equations
of VOCs, SVOCs, and LVOCs (log Koq,ys and log Kyq,s1)-

It is noteworthy that the above criterion agreed well with the results
of Fahy et al. [34] though their focus was to assess the importance of
multiphase chemistry relative to dust cleaning and ventilation in
removing indoor chemicals. They found that (1) ventilation contributed
> 90 % loss for compounds with log Ky, < 6 that mainly existed in the
air, which was in high consistence with our criterion for VOCs (log K,q <
6); (2) dust cleaning was most efficient for compounds with log K,q > 10
(cleaning contributed > 50 % loss and multiphase chemistry contributed
the remaining loss), which was also in good agreement with our crite-
rion for LVOCs that mainly existed in house dust (log K,q > 9.8).
Furthermore, Fig. 1 implied that K4 data was absent for compounds with
log Koq < 6 in existing studies, which might be attributed to their low
concentrations in dust (i.e., their amount in dust was negligible) and
thus was also considered as a positive evidence supporting the criterion
for VOCs (log K,q < 6). Moreover, as mentioned in “Introduction” sec-
tion, some compounds like furaneol and hexanoic acid were classified as
VOCs by existing criteria despite behaving like SVOCs indoors. This
problem was found to disappear by using our criterion (SVOCs: 6 < log
K,q < 9.8): furaneol (log K,q = 8.0) and hexanoic acid (log K,q = 6.43)
were classified as SVOCs instead of VOCs (log K,, values were obtained
from CompTox Chemicals Dashboard v2.4.1). Overall, the above dis-
cussions supported to some extent that our criterion could be helpful for
the consistent and precise classifications of indoor organic compounds.

3.3. Implications, limitations, and further studies

Except for the classifications, the novel criterion can also guide the
selections of most suitable methods for the chemical analysis, exposure
assessment, and effective controls of indoor organic pollutants. For
compounds with log Ky, < 6 (VOCs), indoor air is the only medium that
matters. Thus, their analysis, exposure, and controls depend only on the
measurements of Cg, the pathway via inhalation of air, and the venti-
lation and air purifiers, respectively. On the contrary, indoor air be-
comes an irrelevant medium for compounds with log K,q > 9.8 (LVOCs),
we need to focus on the measurements of Cy, the pathways related to
reservoirs (ingestion of dust, inhalation of airborne particles, dermal
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sorption from surfaces), and the removal via dust/surface cleaning.
Whereas for compounds with 6 < log K,q < 9.8 (SVOCs), their analysis,
exposure, and controls require to consider diverse media including both
the air and house dust (as well as other reservoirs), which are rather
complicated but are necessary for comprehensiveness.

Additionally, some assumptions were made in this study. First, dust
compositions may vary among buildings with different indoor condi-
tions (e.g., building locations, living habits, and housing ages). The ef-
fects of dust compositions on dust-air partitioning were not considered
in the novel K4 equation. Many studies have investigated the correla-
tions between indoor conditions and Cy via questionnaires coupled with
statistical analysis or machine learning models [35]. Nevertheless, to the
best knowledge of the authors, no equation explicitly describing these
correlations is available now. How to incorporate the effects of dust
compositions into the K equation warrants further studies. Second, the
ratio of room volume (V,) to the horizonal surface area (Aq, i.e., area of
dust-deposited surfaces) was approximated as the room height (H) in
Egs. (1), (10)-(12), i.e., assuming that A4 equaled the floor area (Ay).
However, A; may be greater than Ay in some rooms such as classrooms
and offices. Although the analysis in Section S2 indicate that the
assumption of Ag = Ay has insignificant effects on the two thresholds of
log Ko, when Ag varies in the range of Ay/1.5 to 1.5Ay, further evalua-
tions are still expected in the future with more comprehensive analysis
and measurements. Third, when determining the two log K, thresholds,
the critical g4 values were set to be 0.1 and 10 for the VOC-SVOC and
SVOC-LVOC boundaries, respectively. The reason is that the distinction
between VOCs and SVOCs may be unachievable if 4 is set to be less than
0.1 (similarly for SVOCs and LVOCs if f34 is greater than 10) because the
measuring errors of gas- and dust-phase concentrations are often in the
order of 10 % [20,30,31]. However, the reasonability of the selection of
the two critical 3 values still requires further investigation and
evaluation.

Furthermore, the K,q-based criterion was derived based only on the
dust-air relative abundance (B4q) of organic compounds. Other than
house dust, airborne particles and indoor surfaces are also important
reservoirs of compounds [1]. As presented in Section S5, airborne par-
ticles were found to be an unsuitable reservoir for the derivation of
classification criterion since the threshold of log K, for dividing SVOCs
and LVOCs could not be obtained based on the particle-air relative
abundance (f,, the condition of f, > 10 cannot be reached in most in-
door environments). Furthermore, for indoor surfaces, the derivations of
K,q-based criterion based on the surface-air relative abundance (f;) were
found to be unattainable because the equation describing the relation-
ship between surface-air partitioning quotient (K;), K,q, and indoor pa-
rameters was still lacking. The K; equation is likely to be much more
complicated than the Ky equation because the surfaces themselves may
be time-varying (due to the formation and growth of organic films on
surfaces [36-39]) and the properties of surfaces are quite different from
each other (e.g., walls versus carpets). Further studies are warranted to
solve the surface-related problems and then quantify the deviations
between the criterion based on f3; and those based on f;. Nevertheless,
the use of house dust as the only reservoir is considered to be reasonable
because house dust, expect for indoor air, is one of the most
frequently-used media in chemical analysis and exposure assessment of
indoor organic pollutants (especially SVOCs and LVOCs) [18,20].

Finally, indoor organic compounds are composed of polar and weak/
non-polar species. The novel K, equation developed in this study may be
only suitable for weak/non-polar compounds (mainly because the K-
K,q equation expressed in Eq. (8) assumes that compounds are absorbed
in dust’s organic matter [19]). Note that all the compounds listed in
Table S2 belong to weak/non-polar species, indicating that
weak/non-polar compounds are more frequently investigated in indoor
sciences currently. For polar species like acids and amines, their dust-air
partitioning may be more dependent on their water-air partitioning
coefficient (Ky,, instead of K,,), dust’s water content (instead of organic
matter), as well as pH of water content [17]. Thus, the K,.,-based
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criterion is likely to be unable to precisely classify polar compounds,
whose classification criterion (possibly depends on K,,,) require further
studies (if reliable equation describing the effects of K,,,, water content
and pH on Ky can be established).

4. Conclusions

A novel equation, which considered the effects of compound prop-
erty (K,q) and indoor environmental conditions, was developed to esti-
mate the partitioning quotient (Kg) of organic compounds between
house dust and indoor air. Estimates of the equation agreed well with
measured data retrieved from previous studies. Based on the novel
equation and Monte Carlo simulations (to quantify the combined effects
of various indoor parameters), a novel criterion for classifying indoor
organic compounds was proposed: VOCs (log Ky, < 6), SVOCs (6 < log
Koq < 9.8), and LVOCs (log Kyq > 9.8). The first threshold (log K,q < 6)
corresponds to the definition that VOCs are compounds with negligible
amount in house dust in most indoor environments (mainly exist in the
air), whereas the last threshold (log K,, > 9.8) corresponds to the
definition that LVOCs are compounds with negligible amount in the air
(mainly exist in house dust). Consistence between classification results
and evidences reported in the literature confirmed the reliability of the
proposed criterion. Overall, the novel criterion are expected to be
helpful for the precise classification of indoor (weak/non-polar) organic
compounds, which would further facilitate the chemical analysis,
exposure assessment, and effective controls of indoor organic pollutants.
Further studies may focus on the classification criterion of polar organic
compounds like acids and amines.
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