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One of the ultimate goals of environmental exposure science is to mechanistically understand how

chemical properties and human behavior interactively determine human exposure to the wide spectrum

of chemicals present in the environment. This comprehensive review assembles state-of-the-art

knowledge of the role of partitioning, dissociation, mass transfer, and reactive properties in human

contact with and absorption of organic chemicals via oral, dermal, and respiratory routes. Existing studies

have revealed that chemicals with different properties vary greatly in mass distribution and occurrence

among multiple exposure media, resulting in distinct patterns of human intake from the environment. On

the other hand, these chemicals encounter different levels of resistance in the passage of intestinal,

dermal, and pulmonary absorption barriers and demonstrate different levels of bioavailability, due to the

selectivity of biochemical, anatomical and physiological structures of these absorption barriers. Moving

forward, the research community needs to gain more in-depth mechanistic insights into the complex

processes in human exposure, advance the technique to better characterize and predict chemical

properties, generate and leverage experimental data for a more diverse range of chemicals, and describe

better the interactions between chemical properties and human behavior.
Environmental signicance

During the past decades, enormous theoretical and empirical efforts have been devoted to revealing how chemical properties impact the susceptibility and disparity
in human exposure to the myriad of environmental chemicals. Here we systematically compile and critically curate the up-to-date mechanistic understandings of
how human external and internal exposures respond to the variability in chemical properties. Information presented in this comprehensive review aids the effective
identication of the most relevant exposure pathways based on chemical properties, benets cost-effective decision-making in risk management and reduction,
guides future exposure-oriented biomonitoring efforts, and sheds light on “benign” molecular design and synthesis in green chemistry.
1. Introduction

Humans are exposed to a wide spectrum of chemicals present in
the ambient environment, diet, and consumer products, i.e.,
environmental chemicals. Presently, more than 200 environ-
mental chemicals are routinely detected in the human body;1

this number has even been expanded to nearly 1000 with the
latest instrumental technique2 and is anticipated to further
increase with the advancement of “exposome” research.3,4

Exposure to certain environmental chemicals has been linked
to adverse health impacts such as endocrine disruption, cancer,
metabolic syndrome, IQ loss, and infertility.5–7 To protect
human health and safeguard public benets, it is imperative to
understand the sources, mechanisms, and routes of human
exposure to the myriad of chemicals present in the environ-
ment.8 The large and ever-growing number of chemicals in the
evada Reno, 1664 N. Virginia Street,

unr.edu

f Chemistry 2021
environment further warrants holistic, systematic understand-
ings of these aspects, since assessing exposure to individual
chemicals is challenging given the time and resource
constraints.

Overall, environmental chemicals take three main courses to
reach and enter the human body: (i) oral ingestion of chemicals
followed by absorption in the gastrointestinal tract, (ii) nasal
and oral inhalation of chemicals followed by absorption in the
respiratory tract, and (iii) dermal contact and absorption.9

Contact with and absorption of environmental chemicals are
complex processes mediated by a wide array of physical,
chemical, physiological, behavioral, and socioeconomic factors.
Underlying these factors is the interaction between the intrinsic
properties of chemicals and the behavior of receptors.10

Chemical properties, e.g., partitioning, dissociation, mass
transfer, and reactive tendencies, are critical determinants of
the multimedia distribution of chemicals in indoor and
outdoor environments, which govern their presence in various
exposure media (foods, drinking water, air, dust, etc.) and
Environ. Sci.: Processes Impacts, 2021, 23, 1839–1862 | 1839
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proximity to the human receptor. Chemical properties also
govern a chemical's capability to reach the exterior boundary of
the human body, penetrate absorption barriers, and enter the
systemic circulation. In addition, the distribution, metabolism
(biotransformation), and elimination of chemicals are also
dependent on chemical properties. For these reasons, one can
expect considerable variability in human exposure to distinct
environmental chemicals, even if they are used at similar rates,
in the same environment, and for similar functions. A well-
recognized example is phthalates: Whereas they are
commonly used as plasticizers in consumer articles, inhalation
of the indoor air is oen identied as the dominant mechanism
for human exposure to dimethyl phthalate, but diet is the
dominant route for other phthalates, notably the most common
di(2-ethylhexyl)phthalate.11,12 In some cases, even if a chemical
is used exclusively indoors, consumption of foods originating in
the outdoor environment may still contribute more to human
exposure than indoor exposure pathways do.13 As such, a lack of
mechanistic insights into the paramount role of chemical
properties may hinder a comprehensive and clear under-
standing of human exposure to environmental chemicals.

Such mechanistic insights are vital for the surveillance,
simulation modeling, assessment, and management of chem-
ical exposure and potential risks. For instance, based on
information on chemical properties, decision-makers can make
initial preliminary statements on the relative importance of
different sources, routes, and pathways of exposure, which
Li Li (right) is an Assistant Professor leading the Health & Envi-
ronment Assessment Team (HEAT) at the University of Nevada,
Reno since 2019. He obtained his BSc and PhD degrees from Nankai
University and Peking University, respectively, and received post-
doctoral training at the University of Toronto Scarborough. Zhizhen
Zhang (le; BSc and MEnvSc from the University of Toronto Scar-
borough) and Shenghong Wang (middle; BSc from the University of
Toronto Scarborough) are pursuing their PhD degrees in environ-
mental sciences and health at the University of Nevada, Reno. The
HEAT develops and applies mechanism-based models to assess the
accumulation, transport, transformation of chemical substances
inside the human society, the physical environment, and the
ecosystem, as well as how they enter the human body and cause
potential health concerns.
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enables prioritizing resources for cost-effective management of
the leading source.13 Strategic use of such information, if part-
nered with human behavioral and socioeconomic information,
further aids in interpreting interindividual variability and
disparity in chemical exposure and protecting the most
vulnerable subpopulations.14,15 The efficient identication of
relevant exposure pathways also facilitates high-throughput
screening of tens of thousands of chemicals in commerce.16

In addition, environmental monitoring and biomonitoring
efforts also benet from the identication of predominant
sources and routes of exposure, as it advises the appropriate
environmental or biological compartments where a high
abundance of chemicals of interest is likely to be found.
Furthermore, such understanding informs us of the attributes
that can trigger adverse environmental and health outcomes of
chemicals, e.g., high susceptibility to human absorption and/or
high resistance to biotransformation or elimination from the
body, which facilitates decisions before the manufacturing and
commercialization of new chemicals and sheds light on
“benign” molecular design and synthesis in green chemistry.

Pioneering empirical and theoretical studies have provided
extensive information on the role of chemical properties in
human exposure to environmental chemicals, as reviewed in
this paper. However, existing reviews and synthetic studies
largely focus separately on either oral ingestion,17,18 inhala-
tion,19 or dermal absorption,20–22 and describe distinct facets of
the complex exposure process. While preliminary efforts sought
to aggregate multiple sources and routes of exposure, e.g., by
considering multi-pathway exposure to chemicals released from
multiple lifecycle stages,13,23–26 there generally lacks a compre-
hensive overview of the impact of chemical properties on the
totality of human exposure. Therefore, the objective of this
article is to systematically compile and critically curate up-to-
date ndings on the response of human exposure to vari-
ability in chemical properties. We seek to assess the current
understanding of exposure sciences from an environmental
chemistry perspective. This article is organized as follows. First,
we introduce general principles on chemical properties of par-
titioning, dissociation, mass transfer, and reaction (Section 2),
as well as important concepts in exposure science (Section 3).
We then discuss the role of chemical properties in oral inges-
tion (Section 4), dermal absorption (Section 5), and inhalation
(Section 6), by introducing the occurrence of chemicals in
exposure media, biochemical, anatomical and physiological
structures of the absorption surfaces, the link between these
structures and the absorption of chemicals, as well as chemical
properties controlling the absorption of chemicals. Finally, we
assemble the information to form a complete picture of the
relative importance of multiple exposure routes and discuss
potential directions for future research (Section 7).
2. Properties of environmental
chemicals

Chemicals can be characterized and identied by their parti-
tioning, dissociation, mass transfer, and reactive properties.
This journal is © The Royal Society of Chemistry 2021
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A chemical can be found in multiple environmental phases,
such as air (e.g., gas and vapor), polar liquids (e.g., water,
moisture, andmucus), and weakly polar or nonpolar condensed
phases (e.g., lipids, plant waxes, dust, soils and sediments, and
polymeric materials). In the real world, these environmentally
relevant phases are not pure, varying in composition and
physical state, and characterizing chemical behavior in these
phases is oen expensive, uncertain, variable, and less repro-
ducible than characterization in pure phases in the laboratory.
To address these problems, environmental chemists instead
use water as a simple, standard surrogate for various polar
liquid phases and n-octanol for weakly polar or nonpolar
condensed phases.27 Therefore, the mass distribution in
a ternary system comprising three immiscible phases of air,
water, and n-octanol oen serves as a convenient approximation
to mass distribution among environmental media. In chem-
istry, the extent to which a chemical is mixed with a phase is
quantied using solubility. For instance, water-soluble chem-
icals can be found abundant in the “water” phase, and vapor
pressure can also be viewed as a pseudo solubility in the “air”
phase. The ratio between solubilities in two immiscible phases,
also the ratio between corresponding concentrations when
phase distribution is in equilibrium, is known as “partition
coefficient”, or more recently referred to as “partition ratio”.27–29

In the ternary air–water–octanol system, one can dene parti-
tion coefficients between air, water, and octanol (KOW, KOA, and
KAW). For neutral organic chemicals, a simple and effective
conceptual and quantitative model for these three primary
phases is the “three solubility approach”.29 The “three solubility
approach” is founded on thermodynamic principles and can
address inconsistencies (errors) in chemical properties used in
exposure science.30–32 The KOW, also expressed using the symbol
POW or P in toxicological and pharmaceutical studies, is an ideal
measure for a chemical's preference for water. Chemicals with
small KOW prefer partitioning into water over octanol and are
thus regarded as “hydrophilic”, whereas a high KOW favors
chemicals partitioning into octanol over water and identies
them as “hydrophobic”. Phospholipids are “amphiphilic”
because they contain both hydrophobic (lipid tails) and
hydrophilic (polar phosphate heads) domains in the same
molecule.33 On the other hand, KAW (i.e., the unitless Henry's
law constant) and KOA describe a chemical's tendency to vola-
tilize from water and condensed phases.34 The use of the air–
water–octanol system is advantageous because partitioning
between environmentally relevant phases can be conveniently
correlated with these three partition coefficients; such empirical
correlations are called single-parameter linear free energy
relationships (sp-LFER).35 For instance, a comprehensive
investigation into 158 diverse chemicals derives statistically
signicant linear log–log dependence of partition coefficients
between phospholipids and water (KPL–W) on KOW,36 and data
summarized from 30 chemicals further indicates similar linear
log–log dependence of partition coefficients between proteins
and water (KP–W) on KPL–W.37 Therefore, with a known KOW, one
can easily predict the sorption of chemicals to phospholipids
and proteins, which makes KOW reasonably applicable to
chemicals favoring partitioning into not only storage lipids (e.g.,
This journal is © The Royal Society of Chemistry 2021
hydrophobic organochlorines) but also membranes and
proteins (e.g., peruoroalkyl substances).38 The sp-LFER enables
chemically sound and computationally efficient predictions of
chemical fate, transport, exposure, and effects in the multi-
media environment.

For ionizable organic chemicals that can dissociate in the
aqueous phase, the partitioning behavior differs between
neutral and charged fractions (cations, anions, and/or zwitter-
ions). Typically, compared to neutral fractions, charged frac-
tions are minimally volatile and orders of magnitude more
soluble in water, due to the formation of hydrogen bonds.39,40

That is, the overall partition coefficient (oen termed “distri-
bution ratio”, e.g., DOW, DOA, and DAW) of the composite of
neutral and charged molecules depends closely on the pH of an
environmental medium. A common practice is to calculate
distribution ratios as the average of respective partition coeffi-
cients of neutral and charged fractions, weighted by their rela-
tive abundance in the environmental medium.39 In general, the
distribution ratios of ionizable organic chemicals function in
the same way as the partition coefficients of neutral chemicals
in terms of the control of chemical fate, transport, exposure,
and effects. Hence, the empirical relationships summarized in
this article are largely applicable to ionizable organic chemicals
if the partition coefficients therein are substituted with distri-
bution ratios.

Chemical molecules can diffuse within an environmental
medium and permeate from one to another. The mass transfer
obeys Fick's laws of diffusion. The rate of interphase diffusion is
closely related to a chemical's relative solubilities between two
phases. For instance, the “Overton Rule” a century ago stated
that the rate of a chemical's penetration through a lipid-rich
membrane is largely governed by its lipid solubility.38 In most
cases, a polar phase poses high resistance to the diffusion of
hydrophobic chemicals, and diffusion across this polar phase is
oen the rate-limiting step in interphase diffusion. Likewise,
the diffusion of hydrophilic chemicals is resisted by a weakly
polar or nonpolar phase. Therefore, we can expect that a layer of
water or water-like liquids (e.g., mucus) forms a barrier to the
passage of hydrophobic chemicals, whereas a layer of lipids
(e.g., cholesterol and long-chain fatty acid) forms a barrier to the
passage of hydrophilic chemicals. Due to their amphiphilicity,
phospholipids resist the passage of both hydrophobic and
hydrophilic chemicals. In addition to the partitioning proper-
ties, the rate of diffusion is also governed by the molecular size
(molar mass or volume). Large and bulky molecules oen
diffuse more slowly in any phase.41

Finally, environmental chemicals undergo various irrevers-
ible reactions to change into other forms in environmental
compartments and organisms. For instance, chemicals in air
react with hydroxyl radicals (hydroxylation) and ozone (ozoni-
zation) to break down into smaller molecules. Microorganisms
degrade environmental chemicals in surface media (biodegra-
dation). Exogenous chemicals can also be biotransformed at
different rates in all higher-order organisms (plants, inverte-
brates, vertebrates, etc.). The nature that chemicals are highly
durable in the environment or hardly degraded by organisms is
termed persistence, which is oen described using the half-life,
Environ. Sci.: Processes Impacts, 2021, 23, 1839–1862 | 1841
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i.e., the time required for a chemical being reduced to half of its
initial abundance.27,42,43 A longer half-life is associated with
a slower rate of irreversible reactions. Half-lives can be deter-
mined experimentally or calculated by quantitative structure–
activity relationships (QSARs). For instance, earlier studies
estimated biotransformation half-lives in sh from (i) direct in
vivo measurements,44 (ii) in vivo toxicokinetic measurements
coupled with mass balance physiologically based toxicokinetic
models,45 (iii) in vitro assays coupled with in vitro–in vivo
extrapolation models,46 and (iv) QSARs.47–50
Fig. 1 Relative mass distribution of perfectly persistent chemicals
between air, water, soil, and sediment in an archetypal rural region in
North America, as a function of their octanol–air (KOA) and air–water
(KAW) partition coefficients (or distribution ratios for ionizable organic
chemicals). Diagonals from the top left to the bottom right of this
3. Intake and uptake of
environmental chemicals

Exposure, or more specically, external exposure takes place
when there is a contact between environmental chemicals and
the visible exterior surfaces of humans, e.g., the skin surface,
and conceptual surface over the open mouth and nose. The
concept “intake” describes the process by which an environ-
mental chemical crosses these exterior exposure surfaces.51

Intake depends closely on the occurrence and status of chem-
icals in the environment and exposure media (foods, drinking
water, air, dust, etc.), which reects the composite effect of
multiple chemical properties. It also depends on human
behavior, e.g., the frequency, duration, and media of exposure.

However, passage through these exterior exposure surfaces
does not necessarily mean the absorption of environmental
chemicals by humans, as chemicals can still be resisted by
various membrane structures inside the body, e.g., the intes-
tinal lining in the digestive system, alveolar lining in the
respiratory system, and epidermis of the skin. Only when
chemicals cross these membrane structures, enter the blood
capillaries and become available for systemic circulation, can
they be viewed as being “absorbed”. For this reason, these
membrane structures are called absorption barriers.51 Corre-
spondingly, the concept “uptake” describes the crossing of
chemicals through absorption barriers.51 Uptake reects the
interaction between chemical properties and the biochemical
structural composition of absorption barriers. Particularly, the
ratio between the doses of uptake and intake is an important
indicator gauging the “absorption efficiency” of an environ-
mental chemical.

It is uptake that makes an exogenous chemical appear in
internal biological uids like blood. A high dose of intake is
a necessary, but not sufficient, condition for a remarkable level
of an exogenous chemical in the body because the latter is
governed simultaneously by external exposure, portal specic
absorption, and residence time in the body (oen determined
by rates of passive elimination and biotransformation).
partitioning space represent chemicals with the same log KOW. The
dashed contour lines represent KOA–KAW combinations leading 80%
and 50% of the total mass to be distributed in an environmental
medium. The diagram builds on predictions from a comprehensive
fate and exposure model named RAIDAR.53 As defined in the model,
water and sediment account for 10% of the regional area, and soil
accounts for 90% of the regional area. Chemicals (with a typical molar
mass of 300 g mol�1) are assumed to be released into the air. Default
parameters of RAIDAR are used for modeling.
4. Oral ingestion
4.1 Occurrence of environmental chemicals in ingested
items

Humans ingest chemicals through the consumption of food
(e.g., beef, sh, pork, vegetables, etc.), drinking water, and non-
1842 | Environ. Sci.: Processes Impacts, 2021, 23, 1839–1862
food items (e.g., settled dust and soil particles). Specically,
environmental chemicals appear in food due to either bio-
accumulation through the food webs, leaching migration, or
generation during food preparation and delivery. Chemical
properties are an important determinant of the potential of
human contact with these contaminated items.

4.1.1 Bioaccumulation of chemicals in food. Partition
tendency is an important determinant of the relative distribu-
tion of environmental chemicals among different natural
environmental media. For illustration, Fig. 1a illustrates the
relative distribution of chemicals with different partitioning
tendencies among multiple environmental media of an arche-
typal North American environment. It indicates that, for
instance, a perfectly persistent chemical can be found
predominantly (>50% of the total mass present in the envi-
ronment) in water if it has a log KAW lower than �2.5 and
a log KOW lower than 3, whereas it is predominantly in soil if
log KOA is greater than 5 and log KOW is greater than 3. These
“thresholds” also apply to ionizable organic chemicals if parti-
tion coefficients are replaced by corresponding distribution
ratios. A chemical is distributed less in an environmental
medium if it has a short degradation half-life in this medium.
This journal is © The Royal Society of Chemistry 2021
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Aquatic and terrestrial organisms can enrich environmental
chemicals from the surrounding environment of air, water, soil,
and sediment and/or from their diet. Environmental chemicals
differ in their ability to be enriched in different organisms. Also,
to achieve a considerable level in organisms, a chemical needs
to resist elimination, e.g., biotransformation, fecal egestion,
exhalation, urine excretion (for terrestrial animals), and/or gill
ventilation (for aquatic animals), from organism bodies.52

Water-respiring organisms (e.g., sh and crustaceans) can
absorb and eliminate environmental chemicals through water
ventilation with gills, in addition to dietary ingestion and fecal
egestion. As such, KOW is the most important determinant of
chemical bioaccumulation in these organisms. Chemicals with
moderate to high hydrophobicity (with a log KOW ranging from
5 to 9.5) demonstrate the highest bioaccumulation potential
(Fig. 2). More hydrophilic chemicals (with a log KOW lower than
5) are less bioaccumulative in water-respiring organisms
because these chemicals are oen subject to less efficient
absorption but more efficient loss through respiratory water
exchange, e.g., through gill.54 Meanwhile, more hydrophobic
chemicals are to a greater extent enriched in lipid tissues, which
sequesters them from high blood concentrations and subse-
quent biotransformation, primarily in the liver.55 These two
reasons lead the bioaccumulation potential to increase with
increased KOW. In fact, the ball-park estimate of log KOW greater
than 5 is used as a bright-line cut-off in regulatory policies.56 For
Fig. 2 Combinations of octanol–air and air–water partition coeffi-
cients (KOA and KAW; or distribution ratios for ionizable organic
chemicals) leading to pronounced bioaccumulation in air-respiring
animals (in red), water-respiring animals (in blue), fruits and vegetables
(in green), high leaching migration from food contact materials (in
yellow), as well as a high presence on dust and as surface residues (in
aqua). Diagonals from the top left to the bottom right of this parti-
tioning space represent chemicals with the same log KOW. For refer-
ences for the threshold of each colored region, please see the main
text.

This journal is © The Royal Society of Chemistry 2021
instance, while a bioconcentration or bioaccumulation factor
(BCF or BAF) greater than 5000 L kg�1 is used as a “rule of
thumb” for “very bioaccumulative” chemicals in bio-
accumulation screening, the Stockholm Convention also
prioritizes chemicals with a log Kow greater than 5 as candidates
for persistent organic pollutants when bioconcentration or
bioaccumulation data are absent or inadequate.57 Table 1
outlines empirical equations correlating BCF or BAF with KOW,
which all show that BCF or BAF achieves 5000 when log KOW is
close to 5. Nevertheless, the dependence of bioaccumulation on
KOW is not always monotonic. While organisms do absorb super
hydrophobic chemicals, i.e., those with a log KOW greater than
9.5,58 the absorption rates are so slow due to slow mass transfer
through the hydrophilic structures in absorption barriers, that
the time required for a chemical to reach an equilibrium
between water and organism tissue may exceed the lifetime of
an organism.52,54 In this situation, the lifetime of an organism
plays a more important role than partition tendency in deter-
mining the level of chemical accumulation in organisms.
European Union's Guidance on Information Requirements and
Chemical Safety Assessment59 proposes that chemicals with
a log KOW greater than 10 are “unlikely” to be bioaccumulative
in aquatic organisms; however, reliable quality measurements
are still scarce to support this assertion.60,61 Furthermore, DOW

should be used for assessments of ionizable organic chemicals,
as the organism absorption of charged ions is rather limited
compared to neutral molecules.62,63

Both KOA and KOW are useful to indicate chemical bio-
accumulation in air-respiring organisms (e.g., terrestrial
reptiles and mammals, including humans) (Fig. 2).64,65 Since
chemical elimination through air respiration is correlated with
the KOA, volatile chemicals with log KOA smaller than 6.5
become less bioaccumulative because of relatively efficient
exhalation.65,66 On the other hand, chemicals with log KOW

smaller than 2 are also less bioaccumulative because they are
eliminated relatively quickly due to excretion in urine.65,66

Similar to the case of water-respiring organisms, air-respiring
organisms also have reduced absorption of highly hydro-
phobic chemicals (log KOW > 9) within their lifetime.64,66

Therefore, we can expect the highest bioaccumulation potential
for environmental chemicals with a moderate log KOW (ranging
from 2 to 9) but a high KOA (greater than 6.5).64

Furthermore, partitioning tendency also controls chemical
bioaccumulation in plants. When contaminated soil is the
dominant source for contamination in plants, chemicals with
a log KOW smaller than 4 and a log KOA greater than 8 are most
bioaccumulative (Fig. 2).67,68 This is because these chemicals are
most efficiently taken up via the roots,69,70 compared to more
hydrophobic chemicals, but not rapidly eliminated from plants
via volatilization, compared to more volatile chemicals. By
contrast, when the atmosphere is the dominant source for
contamination in plants, moderately volatile chemicals with
a log KOA between 7 to 9 and a log KOW greater than 4 are the
most bioaccumulative.68,71 These chemicals are abundant in the
gas phase of air and efficiently taken up by foliar gaseous
absorption, and once absorbed, they are minimally eliminated
from plants via volatilization.
Environ. Sci.: Processes Impacts, 2021, 23, 1839–1862 | 1843

https://doi.org/10.1039/d1em00252j


T
ab

le
1

C
o
rr
e
la
ti
o
n
s
o
fb

io
co

n
ce

n
tr
at
io
n
o
r
b
io
ac

cu
m
u
la
ti
o
n
fa
ct
o
r
(B
C
F
o
r
B
A
F;

in
L
kg

�
1 )
in

fi
sh

w
it
h
th
e
o
ct
an

o
l–
w
at
e
r
p
ar
ti
ti
o
n
co

e
ffi
ci
e
n
t
(K

O
W
)f
o
r
n
o
n
-i
o
n
iz
ab

le
o
rg
an

ic
ch

e
m
ic
al
s.
H
e
re
,

b
io
co

n
ce

n
tr
at
io
n
re
su

lt
s
fr
o
m

th
e
ab

so
rp
ti
o
n
o
f
ch

e
m
ic
al
s
fr
o
m

th
e
am

b
ie
n
t
e
n
vi
ro
n
m
e
n
t
vi
a
n
o
n
-d

ie
ta
ry

ro
u
te
s
o
f
e
xp

o
su

re
(i.
e
.,
re
sp

ir
at
o
ry

an
d
d
e
rm

al
e
xc

h
an

g
e
s)
,w

h
ile

b
io
ac

cu
m
u
la
ti
o
n

re
su

lt
s
fr
o
m

th
e
ab

so
rp
ti
o
n
o
f
ch

e
m
ic
al
s
fr
o
m

al
lr
o
u
te
s
o
f
e
xp

o
su

re
6
1a

C
or
re
la
ti
on

lo
g
K
O
W

fo
r
B
C
F
or

B
A
F
¼

50
00

L
kg

�
1

E
U
T
ec
h
n
ic
al

G
ui
d
an

ce
D
oc
um

en
ts

an
d

th
e
E
U
SE

S
m
od

el
8
6

lo
g
B
C
F
¼

0.
85

�
lo
g
K
O
W

�
0.
70

(f
or

K
O
W
#

6)
(n

¼
55

,R
2
¼

0.
90

)
5.
18

lo
g
B
C
F
¼

�0
.2
0
�

(l
og

K
O
W
)2
+
2.
74

�
lo
g
K
O
W

�
4.
72

(f
or

K
O
W

>
6)

(n
¼

43
,R

2
¼

0.
78

)
B
C
FB

A
F
m
od

el
im

pl
em

en
te
d
in

E
PI

Su
it
e8

7
,8
8

lo
g
B
C
F
¼

0.
5
(f
or

K
O
W

#
1)

6.
11

(2
)

lo
g
B
C
F
¼

0.
65

98
�

lo
g
K
O
W

�
0.
33

3
+
S
C
Fs

(f
or

1
<
K
O
W
#

7)
(n

¼
39

6;
R
2
¼

0.
79

2)
(1
)

lo
g
B
C
F
¼

�0
.4
9
�

lo
g
K
O
W
+
7.
55

4
+
S
C
Fs

(f
or

K
O
W

>
7)

(n
¼

35
;R

2
¼

0.
63

4)
(1
)

T
h
e
A
rn
ot
-G
ob

as
B
A
F-
B
C
F
m
od

el
8
9

B
C
F

¼
0:
8
þ

ð1
=
ð0
:0
1
þ
1
=
K

ow
ÞÞ
�
ð1
=
ð1

þ
1
:7
5
�
1
0
�8
K

ow
ÞÞ

0
:0
0
0
5
þ

0 B B @
K

ow

0
:0
0
2
þ

0
:2

K
ow

1 C C A
þ

2
:5
�
1
0
�3

e
0
:6

5
:1
�1

0
�8
K
ow
þ2

(n
¼

48
3,

lo
g
K
O
W

fr
om

0
to

10
)

4.
49

A
rn
ot

an
d
G
ob

as
(2
00

6)
6
1

lo
g
B
C
F
¼

0.
6
�

lo
g
K
O
W

�0
.2
3
(3
)

6.
55

(f
or

B
C
F)

(n
¼

23
93

,l
og

K
O
W

fr
om

�6
to

12
,R

2
¼

0.
52

)
lo
g
B
A
F
¼

0.
86

�
lo
g
K
O
W
+
0.
12

(4
)

4.
16

(f
or

B
A
F)

(n
¼

91
2,

lo
g
K
O
W

fr
om

�6
to

12
,R

2
¼

0.
55

)

a
(1
)F

or
ch

em
ic
al
s
co
n
ta
in
in
g
ce
rt
ai
n
st
ru
ct
ur
al

fe
at
ur
es

(e
.g
.,
ph

en
an

th
re
n
e
ri
n
g,

lo
n
g-
ch

ai
n
al
ky
lc

h
ai
n
s,
et
c.
),
st
ru
ct
ur
al

fe
at
ur
e-
sp

ec
i
c
co
rr
ec
ti
on

fa
ct
or
s
(C
Fs
)a

re
li
n
ea
rl
y
co
m
bi
n
ed

to
ad

ju
st

th
e
B
C
F
or

B
A
F
ca
lc
ul
at
ed

by
th
e
ge
n
er
ic

co
rr
el
at
io
n
s.

(2
)
T
h
e
n
um

be
r
is

ca
lc
ul
at
ed

ba
se
d
on

th
e
co
rr
ec
ti
on

fa
ct
or
s
of

0.
(3
)
T
h
e
eq

ua
ti
on

is
th
e
“a
cc
ep

ta
bl
e

sh

B
C
F
m
od

el
”
re
po

rt
ed

in
th
e

re
fe
re
n
ce
.(
4)

T
h
e
eq

u
at
io
n
is

th
e
“a
cc
ep

ta
bl
e

sh

B
A
F
m
od

el
”
re
po

rt
ed

in
th
e
re
fe
re
n
ce
.

1844 | Environ. Sci.: Processes Impacts, 2021, 23, 1839–1862

Environmental Science: Processes & Impacts Critical Review

Pu
bl

is
he

d 
on

 1
0 

Se
pt

em
be

r 
20

21
. D

ow
nl

oa
de

d 
on

 1
2/

24
/2

02
1 

6:
19

:4
0 

PM
. 

View Article Online
The ranges of partition coefficients favorable for bio-
accumulation are necessary, but not sufficient, for chemical
bioaccumulation because rapid biotransformation elimination
can substantially diminish a chemical's capability of bio-
accumulation.55,72,73 McLachlan et al.55 found that chemical
bioaccumulation in humans is more responsive to the change
in biotransformation compared to partition coefficients: real-
istic variability in biotransformation half-life results in chem-
ical bioaccumulation varying by 6 to 9 orders of magnitude,
whereas realistic variability in partition coefficients results in
around one order of magnitude variation in chemical bio-
accumulation. Notably, when a chemical has a biotransforma-
tion half-life shorter than 700 hours (i.e., a rate constant faster
than 0.001 h�1) in terrestrial mammals, it is unlikely to be
bioaccumulative in humans regardless of the combination of
partition coefficients.55

It should be noted that the empirical relationships outlined
in Table 1 were developed a few decades ago. These empirical
relationships estimate only the central tendency of BAF and BCF
among chemicals sharing the same KOW, without considering
variability resulting from chemical-specic biotransformation
rates. In fact, the above analysis by McLachlan et al.55 brings
into question the relevance of current bright-line criteria for
partitioning tendency for bioaccumulation assessment aiming
to protect human health, which underscores the need for
explicitly considering chemical-specic biotransformation rates
in bioaccumulation assessment.45,74 The recent development of
mechanistic physiologically based bioaccumulation
models35,45,46,74–80 for animals consumed by humans provides
signicant advancements for estimating bioaccumulation and
exposure concentrations in food items. There is also a strong
rationale to continue advancingmethods to address uncertainty
in estimating rates of biotransformation in various biota,
including those that form the basis of human food chains.

In summary, chemicals with a high bioaccumulation
potential in food items share the following features: resistance
to biotransformation in organisms (with a biotransformation
half-life longer than 700 hours), moderate hydrophobicity
(log KOW ranging from 5 to 8), and minimal volatility (log KOA

greater than 6). Compared to terrestrial animal-based foods,
consumption of aquatic animals additionally contributes to
human exposure to volatile chemicals (log KOA smaller than 6);
on the other hand, compared to aquatic animal-based foods,
consumption of terrestrial animals additionally contributes to
human exposure to relatively hydrophilic chemicals (log KOW

between 2 and 5).52,64,66 Note that the thresholds of partitioning
and reaction properties may vary between species or organisms
living in different habitats because of differences in age, growth
rate, prey behavior and diet composition, physiology, trophic
levels, reproductive status, the temperature of the environment,
and other features.65,81–85

4.1.2 Chemicals present in drinking water. Chemicals
appear in drinking water when (i) they are readily transported in
the aqueous environment from the sites of emission, and (ii)
they are not efficiently resisted by natural barriers (e.g., soils,
riverbanks, and aquifers) or removed during regular water
treatment procedures. Many polar and ionizable organic
This journal is © The Royal Society of Chemistry 2021
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Fig. 3 Correlations of partition coefficients between polymeric food
contact materials and different types of food (KP,F) with the octanol–
water partition coefficient (KOW) (based on data provided in ref. 116).
The gray area indicates chemicals (log KP,F > 3) with a negligible
potential of leaching migration from food contact materials. When
food-specific data are unavailable in food safety assessments,
a conservative condition of log KP,F ¼ 0 is recommended for all
chemicals, meaning that the chemicals are very soluble in food.107
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chemicals share these features and cause environmental and
health concerns for their high “mobility” in the aqueous envi-
ronment.90 Presently, the criteria for “mobility” are still under
discussion. The most recent criterion is given by the German
Federal Environment Agency,91 which considers a chemical to
be “mobile” if it has a low sorption potential to sediments and
soils, i.e., with an organic carbon normalized sorption coeffi-
cient log KOC or log DOC smaller than 4.0 over the pH range of 4–
9. Since KOC is linked to KOW based on the Karickhoff sp-LFER,
this cut-off can correspond roughly to a log KOW or log DOW

smaller than 4.5 for screening or indication purposes alone.92

One may be cautious about the use of log KOW or log DOW in
assessments of polar and ionizable chemicals because the
Karickhoff sp-LFER does not include polar chemicals in the
training set and largely disregards ionic interactions with
counterions in water or natural sorbents.90,92,93 In addition,
monitoring evidence has demonstrated that chemicals selected
based on this cut-off may not necessarily appear in drinking
water, and chemicals failing to meet this criterion can also
reach the aqueous environment.94,95

4.1.3 Leaching or generation during food preparation.
Chemicals of health concern can be generated during cooking.
For instance, dioxins and polycyclic aromatic hydrocarbons are
unintentional byproducts of combustion and thus can be
detected in grilled, smoked, or roasted foods.96,97 With the
presence of chlorine from inorganic (e.g., table salt) and organic
sources (e.g., chlorine-containing articial sweeteners), dioxin-
like polychlorinated biphenyls can be formed,98 and poly-
brominated diphenyl ethers (PBDEs) in foods can be converted
into mixed polychlorinated/brominated diphenyl ethers99 and
polybrominated dibenzofurans.100 While the unintended
formation of chemicals has been well documented in the liter-
ature, little has been done to link the occurrence of these
compounds with their properties.

In addition, food preparation processes can also alter the
level of chemicals existing in foods.101 Several mechanisms may
be responsible for such alteration: (i) chemicals with small
molecular sizes (e.g., a molar mass of �300 g mol�1) can be lost
to volatilization due to the high temperature during cooking;102

(ii) chemicals with low thermal stability, e.g., BDE-209 and algae
toxins, undergo thermal degradation during heating;102,103 (iii)
hydrophobic chemicals are extracted by cooking oil, which can
be viewed as an “extraction solvent”;104 and (iv) hydrophobic
chemicals can be removed along with the removal of lipid-rich
skin because the skin is the main depository of these
chemicals.104,105

Synthetic chemicals, such as phthalates and peruoroalkyl
substances, are oen added to polymeric food contact materials
(FCM) to improve the performance of FCMs. These chemicals
may leach from FCMs during food storage, preparation, and
delivery. Highly hydrophilic chemicals (with log KOW < 2) are
rarely used as additives because the incompatibility with poly-
mers prevents their stable binding with polymeric matrices.106 If
found in FCMs, these hydrophilic chemicals are primarily
residual unreacted monomers or degradation products of the
polymeric matrices. In general, leaching migration is a diffu-
sion process, governed largely by the molecule size (molar mass
This journal is © The Royal Society of Chemistry 2021
or molar volume) of the chemical of interest, the nature of the
polymeric matrix, and the composition of food.107–111 For
instance, smaller molecules (with a molar mass smaller than
1000 g mol�1) are more likely to migrate from FCMs to food due
to their faster diffusion within polymeric matrices.112 Compared
to stiff-chain polymers like polyesters and polystyrene, exible
polymers like polyethylene provide higher “conductance”
towards the diffusion of chemicals and favor the migration of
chemicals.113 In addition, the partition coefficient between
polymeric FCMs and different types of food (KP,F), which
depends closely on the types of the polymer and food, also
governs this migration.114 Large KP,F values are desired for FCMs
because leaching migration becomes negligible for chemicals
with log KP,F greater than 3.115 Empirical evidence has shown
that KP,F is correlated well with KOW (Fig. 3).107,116 As such, this
log KP,F threshold corresponds to a log KOW between 6 to 10
(Fig. 2). Compared with lean or water-rich foods (e.g., fruits and
vegetables), fatty foods have a stronger sorption capacity for
chemicals and favor the leaching migration of a wider range of
chemicals, notably more hydrophobic ones, from FCMs
(Fig. 3).106

4.1.4 Dust and surface residues. Residential and working
environments are comprised of various surfaces, e.g., painted
walls and ceilings, vinyl ooring, carpet, polyurethane foams
(PUFs), and impermeable or hard surfaces. On impermeable
indoor surfaces, there usually exists a layer of greasy organic
lms, made up mainly of lowly volatile organic matters (log KOA
Environ. Sci.: Processes Impacts, 2021, 23, 1839–1862 | 1845
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between 10 and 13) generated from human activities such as
cooking (see Weschler and Nazaroff117 and citations therein).
Environmental chemicals are found on indoor surfaces, either
bound to settled dust, i.e., “particles in building interiors that
have settled onto objects, surfaces, oors, and carpeting”,118 or
as surface residues, i.e., chemical molecules sorbed to an
impervious surface (e.g., glass and stainless steel), dissolving in
the organic lm, or penetrating shallowly into materials (e.g.,
polymers making up the carpet and ooring).119 Unintended
hand-to-mouth and object-to-mouth contact mediates oral
ingestion of dust and surface residues, i.e., mouthing-mediated
ingestion.18,119

Earlier studies have revealed that KOA is a reasonable surro-
gate for describing the partitioning between indoor surfaces or
dust and air (Table 2). In other words, indoor surfaces or dust
can be approximated as consisting of a certain proportion of
octanol, which plays a central role in governing the interphase
distribution of chemicals.120,121 Typically, indoor surfaces and
dust have a considerable affinity for chemicals with high KOA

values. However, it should be emphasized that the empirical
equations compiled in Table 2 may not apply to chemicals with
extremely high KOA values.122,123 This is because when KOA

increases, the time required for the equilibrium partitioning of
gaseous chemicals into these surface or dust phases also
increases, which may exceed the residence of these phases in
the indoor environment.34,122,124 This phenomenon is prominent
for dust because dust usually has a short residence in homes
due to frequent cleanup. Kinetically speaking, the fraction of
chemical mass in dust may not have sufficient time to equili-
brate with its gas phase or vice versa. Such a “kinetic delay to
achievement of equilibrium”125 results in an asymptote limit for
the dust–air partition coefficient, departing from the linear
correlation with log KOA, when log KOA approaches 11 (corre-
sponding to a vapor pressure lower than 105 Pa) and above.122
Table 2 Empirical relationships between octanol–air partition coefficien

Indoor phase
Correlation between partition c
KOA

Polymeric materials (M) KMA ¼ 0.06 � KOA (n ¼ 1273, log
18.7, R2 ¼ 0.86, RMSE ¼ 1.21)

Dust (D) log KDA ¼ 0.860 � log KOA – 0.0
log KOA from 7.5 to 13.1, R2 ¼ 0

Carpet (C) log KCA ¼ 0.931 � log KOA – 2.4
log KOA from 1.98 to 4.28)

Vinyl ooring (V) log KVA ¼ 0.688 � log KOA – 0.6
log KOA from 2.74 to 8.67, R2 ¼

Cotton (C) log KCA ¼ 0.248 � log KOA + 4.4
log KOA from 7.97 to 12.2, R2 ¼

Steel (S) log KSA ¼ 0.216 � log KOA + 1.42
log KOA from 10.7 to 14.5, R2 ¼

Organic lm (F) log KFA ¼ 1.100 � log KOA – 0.54
log KOA from 6.8 to 10.6, R2 ¼ 0

a (1) For a comprehensive review of empirical relationships between KDA a
relationships expressed as functions of vapor pressure, based on an empir
�0.95 to 11.89, R2 ¼ 0.99).134 (3) KSA is the ratio of area-specic chemical c
a unit of m.

1846 | Environ. Sci.: Processes Impacts, 2021, 23, 1839–1862
Fig. 4 shows that for chemicals with a log KOA greater than
�6, over 80% of the chemical mass indoors is present in surface
compartments. By contrast, chemicals with log KOA smaller
than 4 are too volatile to be abundant in surface compartments.
Likewise, an earlier ballpark estimate also indicates that >99%
of the indoor mass of chemicals with log KOA greater than 8 can
be found in surface compartments.34 Therefore, poorly volatile
chemicals are more likely to be found in dust or as surface
residues.

A close inspection of the compiled empirical relationships in
Table 2 indicates that dust generally has a higher affinity for
chemicals, compared to indoor surface compartments, given
that the dust–air partition coefficient (KDA) is higher than other
surface–air partition coefficients for most of the KOA range. As
such, compared to surface residues, dust is a more efficient
vehicle for transferring chemicals from indoor surfaces to
hands. For instance, for chemicals with a log KOA between 6 and
10, >80% of the mass transferred from the surface to hands is
dust bound.119 Aer transfer to hands, chemicals can re-
partition between the skin (e.g., lipids in the stratum cor-
neum) and the dust thereon. Since the skin has a larger sorption
capacity than dust, the majority mass fraction of chemicals
would migrate to the skin. Meanwhile, chemicals bound to dust
on hands are easily lost via abrasion with indoor surfaces. The
abrasion loss is more pronounced for poorly volatile chemicals
because they are more prone to be distributed in dust relative to
volatile chemicals. Therefore, the majority (>50%) of chemicals
transferred from hands to mouths are not dust bound. Dust-
bound transfer contributes most to the hand-to-mouth trans-
fer of moderately volatile chemicals with log KOA from 5 to 9.119

Overall, mouthing-mediated ingestion, i.e., the ingestion of
dust-bound chemicals and/or surface residues through hand-to-
mouth contact, is an important mechanism responsible for
human exposure to poorly volatile chemicals. Existing studies
indicate that mouthing-mediated ingestion matters most for
t (KOA) and partition coefficients between indoor phases and aira

oefficient and
Reference

KOA from 2.0 to Reppas-Chrysovitsinos et al. (2016)121

86 (1) (n ¼ 66,
.78)

Weschler and Nazaroff (2010)123

08 (2) (n ¼ 8, Bennett and Furtaw (2004)129

93 (2) (n ¼ 13,
0.80)

Bennett and Furtaw (2004)129

47 (n ¼ 13,
0.545)

Saini et al. (2016)130

0 (3) (n ¼ 7,
0.62)

Saini et al. (2016)131

0 (n ¼ 62,
.84–0.98)

Csiszar et al. (2012)132

nd KOA (or vapor pressure), see Wei et al.133 (2) Converted from empirical
ical relationship between KOA and vapor pressure (n ¼ 222, log KOA from
oncentration on steel to volume-based concentration in the air. KSA has

This journal is © The Royal Society of Chemistry 2021
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Fig. 5 The anatomical and physiological structure of absorption
barriers: (Panel a) intestinal lining in the digestive system, (Panel b)
epidermis (stratum corneum ¼ SC; viable epidermis ¼ VE) of the skin,
and (Panel c) alveolar lining in the respiratory system. The size of each
structure is illustrative and does not represent the actual size.

Fig. 4 Relative mass distribution of perfectly persistent chemicals
between air and surface compartments (carpet, vinyl flooring, hard
surfaces, walls, and the organic film) in an archetypal North American
home, as a function of their octanol–air (KOA) and air–water (KAW)
partition coefficients (or distribution ratios for ionizable organic
chemicals). Diagonals from the top left to the bottom right of this
partitioning space represent chemicals with the same log KOW. The
dashed contour lines represent KOA–KAW combinations leading 80%
and 50% of the total mass to be distributed in the indoor air or surface
compartments. The diagram builds on predictions from a compre-
hensive fate and exposure model named PROTEX.24,126 As defined in
the model, the carpet and vinyl flooring account for 60% and 40% of
the indoor area, respectively, and the carpet contains 3% of water
moisture. Chemicals (with a typical molar mass of 300 g mol�1) are
assumed to be released into the indoor air. Default parameters of
PROTEX are used for modeling.
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chemicals with log KOA greater than 6 to 9.119,127 Note that this
KOA threshold can differ between indoor environments con-
taining different surface settings. For example, since PUF
furniture has a higher sorptive capacity than other surface
compartments, the KOA threshold can be lower in rooms with
a large surface covered by PUF furniture (log KOA of �6 for
rooms with PUF127 and of �9 for rooms without PUF furni-
ture119). This KOA threshold also depends on the mode of
chemical emission, e.g., the initial release to the indoor air
versus direct application to surfaces.128 In addition, children
tend to have a lower KOA threshold than adults do because of the
more frequent mouthing behavior.13

4.2 Absorption of environmental chemicals in the
gastrointestinal tract

The absorption of ingested chemicals requires their migration
from the lumen of the gastrointestinal tract (GIT) to the blood
capillaries, passing through the epithelium of GIT, mainly the
small intestine. GIT comprises a series of hollow organs (e.g.,
esophagus, stomach, small and large intestines) that hold,
transport, and digest food and/or other ingested items. When
This journal is © The Royal Society of Chemistry 2021
foods move in the GIT, the lipid and water contents keep
declining due to digestion and absorption, which lowers the
capability of the foods holding chemicals (i.e., fugacity capacity)
and thus increases the chemical contamination in food (i.e.,
fugacity) relative to the human body.135 This forms a gradient of
fugacity between the digested food in the GIT lumen and blood
capillaries, which drives the diffusion of chemicals through the
lining of GIT.17,135,136

The lining facing the lumen (termed apical side) is a mucous
membrane, or mucosa, which wrinkles and folds to form
millions of 1 mm nger-like intestinal villi. Such a villus
Environ. Sci.: Processes Impacts, 2021, 23, 1839–1862 | 1847
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structure substantially increases the total internal surface area
of the intestinal lining and facilitates the absorption of nutri-
ents and environmental chemicals. Each villus comprises
a layer of epithelial cells (epithelium) on the apical side, as well
as numerous capillaries on the basal side that eventually merge
into blood vessels (Fig. 5a). The epithelium comprises a cell
membrane composed of two layers of amphiphilic phospho-
lipid molecules (i.e., phospholipid bilayer) and aqueous cyto-
plasm (Fig. 5a). The space between epithelial cells, i.e., the
intercellular space, is abundant in the water-rich interstitial
uid and has a low content of collagen bers.137 Adjacent
epithelial cells are joined by a set of multiprotein structures
called “tight junctions” (Fig. 5a), which have minimal porosity
and resist the passage of large molecules through the intercel-
lular space of epithelial cells.138,139 In most cases, digested food
is separated from the epithelium by a layer of mucus (Fig. 5a),
which typically comprises water, electrolytes, lipids, and
enzymes and is more acidic than the aqueous phase of the
intestinal contents. While it is not entirely stationary, part of
this layer of mucous ows in a slow, laminar manner parallel to
the epithelium, which is oen treated as a layer of stagnant
water, named “unstirred water layer (UWL)” in the literature.140

The thickness of UWL, which is not actual but operational, has
been determined to be from 30–100 mm.141 Immersed in the
mucous are glycoproteins, which are mainly hydrophobic
oligosaccharides bound to and protruding from the surface of
the epithelium, similar to a brush border.142 Therefore, to reach
blood capillaries, environmental chemicals in the intestinal
lumen need to traverse the UWL and epithelial cells (a “trans-
cellular” route), while environmental chemicals with a small
molecular size can additionally pass through the UWL and the
intercellular space (a “paracellular” route).139

The absorption of exogenous chemicals is largely a diffusion
process.17,136 Both hydrophilic (UWL, the hydrophilic tail of
phospholipids, and cytoplasm) and hydrophobic (glycopro-
teins, and the hydrophobic head of phospholipids) components
in the GIT pose resistance to diffusion. Therefore, chemicals
that are either highly hydrophobic (log KOW greater than 7 to 9)
or hydrophilic (log KOW smaller than �1 to 0) are anticipated to
have a reduced absorption efficiency.143 In general, highly
hydrophobic chemicals have low aqueous concentrations in the
hydrophilic components, notably in the UWL, which makes the
diffusion through the UWL very slow and the rate-limiting
step.17,144,145 Highly hydrophobic chemicals thus require
a rather long time (from days to years) to cross the UWL,144

which limits the absorption efficiency when the required time
exceeds the residence of digested food in the GIT.58 Therefore,
absorption efficiency declines when log KOW exceeds 7.58,136

Here, we need to note that the lowered absorption of highly
hydrophobic chemicals does not mean that a cut-off exists for
KOW, beyond which the GIT absorption would become impos-
sible. In fact, the absorption of super hydrophobic chemicals is
still possible, but the absorption efficiency is too low to be
reliably measured. That is, the observed absence of absorption
of super hydrophobic chemicals is simply an experimental
artifact.58 On the other hand, highly hydrophilic chemicals are
1848 | Environ. Sci.: Processes Impacts, 2021, 23, 1839–1862
also poorly absorbed because diffusion through the hydro-
phobic components in the GIT is the rate-limiting step.143,146

Bile salt micelles facilitate the diffusion of hydrophobic
chemicals through the UWL.147 Biles salts are amphiphilic
molecules, with a hydrophobic four-ring-structure head and
a hydrophilic carboxyl tail. Their neutral forms (protonated) are
less soluble in water. Humans secrete bile salts to facilitate the
absorption of lipids. Bile salt micelles enclose hydrophobic
substances, such as monoglycerides, free fatty acids, fat-soluble
vitamins, and hydrophobic organic chemicals, and their
hydrophilic surfaces make them efficient at moving across the
UWL.17 For this reason, bile salt micelles act as a transport agent
to ferry hydrophobic organic contaminants through the UWL.
Since the UWL is more acidic than the aqueous phase of the
GIT, bile salt micelles become more protonated and less stable
when approaching the brush border of the epithelium.17 This
leads to their dissociation and the release of enclosed hydro-
phobic substances, including environmental chemicals, from
the micelles.148 The collision between micelles and epithelial
cell membranes is also a possible reason for the release of
hydrophobic substances.149 Aer the release, these hydrophobic
substances permeate through the epithelium as monomers.148

Since phospholipid bilayers are negatively charged, cationic
chemicals are anticipated to have an elevated absorption effi-
ciency compared to their neutral counterparts due to electro-
static interactions with the phospholipid bilayers.150,151 Such
cation-facilitated increase in absorption efficiency is more
remarkable for highly hydrophobic chemicals.150

Other factors also impact absorption efficiency. For instance,
absorption efficiency can be lowered due to luminal biotrans-
formation, i.e., degradation of chemicals in the GIT.146,152–154

Notably, luminal biotransformation leads to a more
pronounced reduction in absorption efficiency for hydrophobic
chemicals relative to hydrophilic chemicals.146 For this reason,
the absorption efficiencies of highly persistent pollutants can be
viewed as the upper bounds of absorption efficiencies for
chemicals with similar hydrophobicity. Furthermore, an exces-
sive number of hydrogen bond donors (mainly OH and NH
groups) and/or hydrogen bond acceptors (mainly O and N), and
a small polar surface area in chemicals also impair the GIT
absorption.155–157 For instance, a simple, empirical mnemonic in
drug design called “the rule of ve”, which species cut-offs of
indicators for poorly absorbed chemicals that are multiples of
ve, generalizes that a chemical with more than 5 hydrogen
bond donors or 10 hydrogen bond acceptors tends to be poorly
absorbed.155 Finally, for hydrophobic chemicals, lean food has
generally higher digestibility than fatty food, which creates
a sharper fugacity gradient between the GIT lumen and blood
capillaries and, hence, increases absorption efficiency.135

5. Dermal exposure
5.1 Contact of environmental chemicals with the skin

Environmental chemicals may take three main courses to reach
the skin surface. The rst is direct dermal contact with chem-
icals due to intentional application of consumer products (e.g.,
cosmetics, pharmaceuticals, and personal care products),
This journal is © The Royal Society of Chemistry 2021
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accidental splashes, or contact with contaminated objects or
articles.23 A more recent research focus is the role of clothing in
mediating dermal exposure:158–161 freshly laundered, uncon-
taminated clothing materials sorb gaseous chemicals from the
indoor air, protecting a person from dermal exposure, whereas
previously exposed clothing materials can release slowly the
sorbed chemicals for amplied, prolonged dermal exposure.
Overall, this course is less relevant for highly volatile chemicals
because they can either readily evaporate from the skin surface
if applied on the skin,162 or partitionminimally into the clothing
if present in the indoor air.130 The second is the diffusion of
gaseous chemicals to the proximity to the skin surface followed
by dermal absorption.20,21 The third is the absorption of chem-
icals in dust or surface residues adhered to the skin on the hand
as a result of hand contact with contaminated surfaces or
objects.163–165 Here, the second course is relevant for volatile
chemicals (with low KOA smaller than 5, see Fig. 4) that are
abundant in the gas phase, whereas the third course is the main
mechanism for minimally volatile chemicals (with KOA higher
than 7 to 8 or low KAW) because they have a strong affinity for
dust and indoor surfaces.

Aer reaching the skin surface, environmental chemicals
rst cross a very thin (�1 mm) stagnant boundary layer
adjoining the skin surface, which can be either a layer of
water22(in the cases of application of aqueous chemical solu-
tions and/or with sweat) or lipids (e.g., sebum secreted from
sebaceous glands),21,158 or their combination (Fig. 5b). There is
a gradient in chemical abundance (i.e., fugacity) between the
stagnant boundary layer and the skin, which drives the trans-
dermal permeation of the chemicals. Therefore, chemical
solubility in this boundary layer is a critical factor controlling
transdermal permeation, especially when crossing this
boundary layer is the rate-limiting step for dermal absorption.
For example, sweaty skin oen demonstrates a low efficiency of
sorbing gaseous hydrophobic chemicals from the indoor air
because of their considerably low solubilities in water. In this
situation, we can expect reduced transdermal permeation uxes
of hydrophobic chemicals, compared to their hydrophilic
counterparts.22 The presence of salts or grease may reduce
chemical solubility in sweat (i.e., the “salting out” effect) and
thus reduce dermal absorption of gaseous chemicals.166,167
5.2 Absorption of environmental chemicals through
transdermal permeation

The human skin has a laminar structure, with the two most
important layers being the outermost epidermis (5% of the skin
thickness) and the inner dermis (95% of the skin thickness).
The epidermis contains no blood vessels, and its growth,
development, and recovery largely depend on the nutritional
support from the dermis, where blood capillaries and
lymphatics are localized.5 Dermal absorption means the trans-
dermal permeation of chemicals and the penetration into the
blood capillaries. The extent to which the chemical ux reach-
ing the skin surface ends up in blood capillaries is quantied by
a “permeability”, typically with a unit of mass transfer coeffi-
cient (mass per time). From an anatomic perspective, the
This journal is © The Royal Society of Chemistry 2021
permeability of the epidermis governs the absorption efficiency
of dermal exposure.

The epidermis contains two sublayers: the stratum corneum
(25% of the epidermis thickness22) and viable epidermis (75% of
the epidermis thickness) (Fig. 5b). The stratum corneum is
composed of 15 to 20 layers of corneocytes (Fig. 5b), which are
attened cells (with aqueous cytoplasm) covered with a highly
cornied envelope, lled with keratin (protein) laments, and
embedded in a lipid-like intercellularmatrix that contains typically
45–50% ceramides, 25% cholesterol, 15% long-chain free fatty
acids, and 5% other lipids.168 The corneocytes are tightly inter-
locked with each other. By contrast, the viable epidermis consists
of living cells, with the cell membrane composed of the phos-
pholipid bilayer and water-rich cytoplasm (Fig. 5b). The intercel-
lular space is lled with the water-rich interstitial uid enmeshed
in a network made by high contents of collagen bers.137

Environmental chemicals take two main routes in trans-
dermal permeation. First, with a “transcellular” route, envi-
ronmental chemicals diffuse through corneocytes in the
stratum corneum or living cells in the viable epidermis. Second,
with a “paracellular” route, environmental chemicals diffuse
through the hydrophobic intercellular space in the stratum
corneum or the more hydrophilic interstitial uids in the viable
epidermis.22 Other minor routes may also be responsible for
transdermal permeation. For instance, chemicals can also
permeate through appendageal structures such as hair follicles
(Fig. 5b), sweat ducts, and sebaceous glands, even with orders of
magnitude higher nominal permeabilities than penetration
through stratum corneum at the beginning of absorption.169

However, since the total area of these appendages accounts for
less than 1% of the total skin area, such an appendageal route
may not play a signicant role in dermal absorption in most
parts of the body. Lateral diffusion in the cell membranes of the
viable epidermis is also hypothesized to be important.170

Within the stratum corneum, the lipid-like intercellular matrix
poses resistance to the permeation of hydrophilic chemicals,
while the protein-based corneocytes are more amphiphilic,
allowing for the passage of both hydrophilic and hydrophobic
chemicals.171 Chemicals with larger molecular sizes may
encounter higher resistance in diffusion within the corneocytes.171

Therefore, if considering permeation resistance posed by the
stratum corneum alone, we can expect a positive dependence of
the permeability on hydrophobicity and a negative dependence on
molecular weight or radius (Table 3; all Group I equations, as well
as PSC and Plip for the lipid-like intercellular matrix and POL for
protein-based corneocytes in Group II equations). However, the
dependence of permeability on hydrophobicity can be limited by
the resistance posed by the water-abundant viable epidermis,
notably the aqueous cytoplasm, if a chemical becomes highly
hydrophobic (log KOW > 6). Therefore, for highly hydrophobic
chemicals, diffusion through the water-rich viable epidermis
becomes the rate-limiting step (PAQ in Group II equations in Table
3), and the permeability becomes no longer dependent on
hydrophobicity. On the other hand, the transcellular route in both
the stratum corneum (mainly the aqueous and protein compo-
nents of corneocytes) and viable epidermis provides highly
hydrophilic chemicals (log KOW < �2) with the possibility of
Environ. Sci.: Processes Impacts, 2021, 23, 1839–1862 | 1849
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Table 3 Empirical relationships between skin permeability (P) and chemical properties. The collected empirical relationships are categorized into
two groups. Group (I) considers the permeation resistance posed by the stratum corneum alone. Group (II) considers the permeation resistance
posed by both the stratum corneum and viable epidermis. Parameters used in the equations: KOW: octanol–water partition coefficient; MW:
molar mass (in g mol�1); r: molecular radius (in Angstrom); ABSQon: the sum of absolute charges on oxygen and nitrogen atoms; SsssCH: the
sum of E-state indices for all methyl groups

Group Empirical equation Reference

I log P (cm s�1) ¼ 0.71 log KOW – 0.0061 MW–6.3 (n ¼ 93, log KOW

from �3 to 6, MW from 18 to 750, R2 ¼ 0.67)
Potts and Guy (1992)173

I log P (cm h�1) ¼ 0.77 log KOW – 0.0103 MW–2.33 (n ¼ 114,
log KOW from �4.82 to �1.52, R2 ¼ 0.67)

Cronin et al. (1999)183

I P(cm s�1) ¼ 5.6 � 10�6 (KOW
0.7) � exp (�0.46 r2) (n ¼ 23, log KOW

from 2 to 12, r2 from 3 to 24 Angstrom2; R2 ¼ 0.71)
Mitragotri (2002)184

I log P (cm h�1) ¼ 0.74 log KOW – 0.0091 MW–2.39 (n ¼ 107,
log KOW from �3 to 6, R2 ¼ 0.86)

Moss and Cronin (2002)185

I log P (cm h�1) ¼ 0.6646 log KOW – 0.0056 MW–2.805 (ranges of
log KOW and MW should meet: �0.06831 # 0.05616 log KOW +
0.0005103 MW # 0.5577, and �0.3010 # 0.05616 log KOW –
0.0005103MW # 0.1758, R2 ¼ 0.66)

DERMWIN model implemented
in EPI Suite186,187

I log P (cm h�1) ¼ 0.652 log KOW – 0.00603 MW–0.623 ABSQon –
0.313 SsssCH – 2.30 (n ¼ 158, log KOW from �1.43 to 4.78, R2 ¼
0.83)

Patel et al. (2002)176

II P (cm s�1) ¼ PCW/(1 + B); where log PCW (cm s�1) ¼ 0.71 log KOW –
0.0061 MW–6.3, and B¼ (PCW� 3600�MW0.5)/2.6 (log KOW from
�1.43 to 4, MW from 18 to 750, R2 ¼ 0.72)

Bunge and Cleek (1995)188

II P (cm s�1) ¼ PCW/(1 + B); where log PCW (cm s�1) ¼ 0.7 log KOW –
0.0722 MW2/3–5.252, and B ¼ (PCW � 3600 � MW0.5)/2.6 (n ¼ 31,
log KOW from 1.4 to 12.1)

Weschler and Nazaroff (2012)21

II P (cm h�1) ¼ 1/(1/PSC + POL) +1/PAQ); where log PSC ¼ 0.6097
log KOW – 0.1786 MW0.5–1.326, POL ¼ 0.0001519/MW0.5, and PAQ
¼ 2.5/MW0.5 (n¼ 123, log KOW from�3.58 to 5.58; MW from 18 to
764.9)

Wilschut et al. (1995)189

II P (cm h�1) ¼ 1/(1/(Plip + POL) +1/PAQ), ten Berge (2010)190

where log Plip ¼ 0.981 log KOW – 0.0079 MW–2.69,
POL ¼ 0.0552/MW1.38, and
PAQ ¼ 1121/MW1.96, (n ¼ 182, log KOW from�3.7 to 5.5; MW from
18 to 584)

I P (cm h�1) ¼ Plip + POL, IH SkinPerm model191

where log Plip ¼ 0.732 log KOW – 0.00683 MW–2.59
POL ¼ 0.043/MW1.36 (log KOW from �3.7 to 5.5; MW from 18 to
584)
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transdermal permeation. For these highly hydrophilic chemicals,
molecular size, instead of KOW, is the main determinant of
permeability (see Group II equations in Table 3).

Like the case of GIT absorption efficiency, the hydrogen
bonding character of a chemical can also add variability to
permeability. For instance, empirical analyses have revealed
that the strong ability of hydrogen bond donor and/or acceptor
(e.g., reected by the charges of oxygen- and nitrogen-
containing parts of a molecule) impairs the chemical's ability
to permeate the skin, mostly the stratum corneum.172–176

The above empirical relationships are largely based on our
understanding of the transdermal permeation of neutral
compounds. More recent work shows that the dissociation of
ionizable organic chemicals decreases transdermal permeation
because charged molecules do not penetrate, as efficiently as
neutral molecules, through the hydrophobic components in the
epidermis, mostly the lipid layer in the stratum corneum.177 For
ionizable organic chemicals, one can simply assume that trans-
dermal permeation is attributed to the fraction of neutral species
alone177 in the application of these empirical relationships.
1850 | Environ. Sci.: Processes Impacts, 2021, 23, 1839–1862
It should also be noted that a chemical's permeability varies
between skin conditions. For instance, the permeability is
anticipated to increase if the skin temperature increases and
blood ows faster.178 The skin temperature may also affect the
structural composition of the stratum corneum, especially the
lipid content,179,180 and thus alter the permeability. In addition,
an increase in water content in the stratum corneum, e.g., from
a typical level of less than 20% to a high level of 50% due to the
coverage of the skin by impermeable lms like diapers and
gloves (termed “occlusion”), can increase transdermal perme-
ation of hydrophilic chemicals,178,181 whereas dehydration
lowers the transdermal permeation of hydrophilic chemicals.182
6. Respiratory exposure
6.1 Occurrence of environmental chemicals in the inhaled
air

Airborne environmental chemicals are present simultaneously
in gas (vapor) and particulate phases (aerosols, suspended dust,
This journal is © The Royal Society of Chemistry 2021
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liquid droplets, or powders). Both gas and particles are inhaled
when humans breathe.

Chemicals enter the air mostly due to intentional or unin-
tentional releases of gas and particles from various industrial,
consumer, and waste disposal processes. Highly volatile
chemicals (log KOA smaller than 5, see Fig. 1 and 4) readily
vaporize into the air from condensed indoor and outdoor
compartments, with air to be the predominant compartment of
occurrence. Particles containing chemicals may also enter the
air because of physical processes, e.g., abrasing the matrix of
consumer articles, resuspending from surface media.

Particles consist of moisture and water-insoluble organic
matter. Since the latter can be reasonably approximated by
octanol, the sorption of chemicals onto particles can be well
characterized by KOA and KAW:192 Chemicals with high KOA and
low KAW tend to be distributed in the particulate phase.193,194 For
instance, monitoring evidence has demonstrated excellent
linear log–log dependence of the particle-gas partition coeffi-
cient (KP in m3 mg�1) on KOA for a broad range of chemicals.193

However, for low-volatility chemicals (log KOA greater than 11),
log KP becomes independent of log KOA and approaches
a constant between �2 and 0 when emissions occur in the gas
phase.195,196 This phenomenon is another example of the
“kinetic delay”:125 compared with more volatile counterparts,
minimally volatile chemicals require a much longer time to
reach the equilibrium between the gas and particulate phases if
initially released to the gas phase. Such an equilibrium status
becomes impossible when this time exceeds the time scale of
deposition removal of particle-sorbed chemicals. It should be
noted that the “kinetic delay” is more pronounced for coarse
particles than ne particles and is absent when emissions occur
exclusively in the particulate phase.34,196,197
6.2 Absorption of environmental chemicals in the
respiratory tract

Inhaled chemicals are deemed to be “absorbed” by humans
when diffusing through the lining of the respiratory tract and
entering the blood capillaries. The respiratory system can be
segmented into two parts: the alveolar region contains a lining
of thin epithelium that allows the diffusive exchange of gases
with bloodstreams, such as oxygen, carbon dioxide, and volatile
organic chemicals (the “respiratory” part), whereas the head
(nasal-pharyngeal) and tracheobronchial regions conduct
airows without air exchange (the “conducting” part).198

Specically, the alveolar region contains a huge amount of
pulmonary alveoli, which are tiny sacs with enormous surface
areas for air exchange. Such surface-intensive structures make
the alveolar region the main location for the absorption of
environmental chemicals. Therefore, a chemical's ability to
reach and leave within the alveolar region (i.e., deposition effi-
ciency) determines its overall absorption efficiency. Overall,
gaseous chemicals can move freely through the airway, and it is
safe to assume a deposition efficiency of 100% (ref. 23) in
exposure assessments. By contrast, the deposition efficiency of
particle-bound chemicals depends more on the size of the
particle. Smaller particles penetrate more deeply into the
This journal is © The Royal Society of Chemistry 2021
respiratory system and thus have a higher deposition efficiency:
for instance, spherical particles with a diameter smaller than 10
mm can readily reach the alveolar region, whereas the larger
ones may be impeded and stuck in the head and tracheobron-
chial regions without being deposited.199 In addition, not all
particles reaching the alveolar region can be equally efficiently
retained within this area: particles with an aerodynamic diam-
eter smaller than 0.1 mm are most efficiently accumulated in the
alveolar region, whereas those between 0.1 to 1 mm are poorly
deposited.199 Therefore, the deposition efficiency of particles
also governs the absorption efficiency of chemicals on particles.
Also, it is worth mentioning that particle-bound chemicals may
desorb from particles on their way towards the alveolar region,
and such desorption is more pronounced for highly volatile
chemicals and for smaller particles (notably ultrane parti-
cles).200 The desorbed chemicals may be deposited in the head
and tracheobronchial regions without absorption, or be exhaled
immediately, which reduces their absorption efficiency.201

Four mechanisms are responsible for the absorption of
inhaled chemicals in the alveolar region: (i) direct gaseous
deposition, (ii) evaporative gas deposition, i.e., the evaporation
of chemicals initially present in particles before reaching the
alveolar region, followed by gaseous transport and absorption
in the alveolar region, (iii) particle deposition with evaporation,
i.e., evaporation of chemicals initially present in particles
deposited in the alveolar region, followed by gaseous absorp-
tion, and (iv) particle deposition with direct diffusion into the
alveolar tissue.202 Specically, mechanisms (i) and (ii) are
pronounced for volatile chemicals. For example, assuming
a typical particle mass fraction of 150 mg m�3, we can roughly
estimate that more than 75% of the inhaled mass of neutral
chemicals with log KOA smaller than 10 is present in the gas
phase, based on the KP–KOA relationship as described above.
Therefore, no matter whether they are inhaled as vapor or
particles, these chemicals can readily nd their way to the gas
phase and become available for mechanisms (i) and (ii). These
two mechanisms are less efficient for ionized chemicals, e.g.,
protonated pronicotine,202,203 because they are minimally vola-
tile and strongly sorbed onto particles. On the other hand, since
mechanisms (iii) and (iv) are mediated by particle deposition,
they depend more on the size-dependent efficiency of particle
deposition, as described above.

The inner lining of a pulmonary alveolus is a layer of
epithelial cells, with their cell membrane composed of the
amphiphilic phospholipid bilayer (Fig. 5c). Like the GIT
epithelium, the intercellular space between pulmonary epithe-
lial cells is lled with the water-rich interstitial uid and rather
low contents of collagen bers.137 Neighboring epithelial cells
are also locked by tight junctions, which have minimal porosity
and resist the passage of large molecules.138,139 Blood capillaries
are distributed on the basal side of the epithelium. On the
apical side, there is a lining of water-rich mucus, consisting of
97% water with 3% of salts, lipids, proteins, and cellular
debris.204 This layer of mucus can also be seen as the stagnant
UWL. Relatively hydrophilic chemicals (with log KAW smaller
than �1) tend to dissolve efficiently into the mucus.201 Speci-
cally, super hydrophilic chemicals (log KAW smaller than�4) are
Environ. Sci.: Processes Impacts, 2021, 23, 1839–1862 | 1851
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Fig. 6 Relative importance of ingestion of foods contaminated
through bioaccumulation (dietary ingestion), ingestion of settled dust
and surface residues (mouthing-mediated ingestion), dermal absorp-
tion, drinking water, and inhalation of indoor air in an archetypal adult
American's uptake of chemicals released indoors, as a function of their
octanol–air (KOA) and air–water (KAW) partition coefficients (or distri-
bution ratios for ionizable organic chemicals). Diagonals from the top
left to the bottom right of this partitioning space represent chemicals
with the same log KOW. The dashed contour lines represent KOA–KAW
combinations leading 80% and 50% of the total mass to be taken up
through an exposure route. The diagram builds on predictions from
a comprehensive fate and exposure model named PROTEX.24,126

Chemicals (with a typical molar mass of 300 g mol�1) are assumed to
be released into the indoor air and then diffuse to the outdoor envi-
ronment to contaminate the food webs and drinking water. Default
parameters of PROTEX are used for modeling.
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readily captured by mucus in the head and tracheobronchial
regions, which prevents them from approaching the deeper
alveolar region and reduces their absorption. By contrast,
moderately hydrophilic chemicals (with log KAW between �4
and �1) have a higher absorption efficiency because they can
reach the alveolar region and then dissolve in alveolar mucus.201

Relatively hydrophobic chemicals (log KAW > �1) are poorly
absorbed because they are less efficient at diffusing through
alveolar mucus.

Furthermore, the physical state of environmental chemicals
impacts their dissolution in the mucus layer: compared to their
gaseous counterparts, chemicals bound to dust or aerosols are
less dissoluble because desorption from dust or aerosols is the
rate-limiting step.205 Therefore, compared to volatile chemicals
with the same hydrophilicity, minimally volatile chemicals
(log KOA > 9) demonstrate a reduced absorption efficiency if they
are present predominantly in the particulate phase of inhaled
air.201 By contrast, for volatile chemicals, the absorption effi-
ciency differs little regardless of whether it is inhaled as the
gaseous or particulate phase.201 In addition, chemicals that can
hardly desorb from dust or aerosols may be engulfed by alveolar
macrophages without absorption.205 The dissolution of chem-
icals in mucus creates a gradient of chemical concentration
from alveolar ducts to capillaries, which drives the movement of
chemicals through the pulmonary epithelium.

Similar to the cases of GIT and transdermal permeation,
environmental chemicals may take two routes to permeate the
epithelium: A “transcellular” route describes the traverse of
chemicals across the entire epithelial cells, and a “paracellular”
route describes the traverse of chemicals through the intercel-
lular space. Hydrophobic components in the epithelium (e.g.,
the hydrophobic head of phospholipids) resist the permeation
of highly hydrophilic chemicals, whereas hydrophilic compo-
nents (e.g., UWL, the hydrophilic tail of phospholipids, and
cytoplasm) resist the permeation of highly hydrophobic chem-
icals. For these reasons, chemicals with a moderate log KOW

value (between 0 and 4) are most efficiently absorbed in the
respiratory tract.205

In summary, volatile and moderately hydrophilic chemicals
tend to be readily absorbed, since volatility leads to efficient
migration to alveolar mucus and moderate hydrophilicity leads
to efficient diffusion across the mucus. Chemicals that are
either minimally volatile or hydrophobic would have a reduced
absorption efficiency in the lung.201

7. Summary and future directions

This article compiles the state-of-the-art understandings of the
impacts of chemical properties on human exposure to chem-
icals through oral ingestion, inhalation, and dermal contact
and absorption. A synthesis of these discrete understandings
provides us with an integrative overview of the relative impor-
tance of different exposure routes as a function of chemical
properties. For instance, Fig. 6 visualizes the dependence of
ingestion of foods contaminated through bioaccumulation
(dietary ingestion), ingestion of settled dust and surface resi-
dues (mouthing-mediated ingestion), dermal absorption, and
1852 | Environ. Sci.: Processes Impacts, 2021, 23, 1839–1862
inhalation of indoor air to an adult's uptake of chemicals
released indoors on their partitioning coefficients KOA and KAW,
estimated by a comprehensive human exposure model called
PROTEX (using the similar approach as used in ref. 13). As Fig. 6
displays, inhalation of indoor air is the predominant mecha-
nism for human exposure to volatile chemicals; mouthing-
mediated ingestion is the most relevant contributor to human
exposure to minimally volatile chemicals; dermal absorption is
important for human exposure to highly hydrophilic chemicals.
Notably, when chemicals are assumed to be perfectly persistent
in the environment, dietary exposure through the outdoor
environment matters for chemicals with intermediate hydro-
phobicity and low volatility, even if emissions occur exclusively
indoors. In future exposure assessments, new chemicals can be
placed as dots in this diagram, based on their partition prop-
erties, which provides us with quick, convenient insights into
the dominant exposure pathways of specic chemicals. One can
also compare such visualized results between chemicals with
different extents of environmental persistence, between neutral
and dissociable chemicals, and between human receptors
differing in age, race/ethnicity, and gender.
This journal is © The Royal Society of Chemistry 2021
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Nevertheless, current understandings of human exposure
are still limited, which warrants the following future efforts.

First, there is a continuous demand for more detailed
information to further elucidate the complex processes gov-
erning external and internal exposures to environmental
chemicals. Although the use of properties related to partition-
ing, dissociation, transport, and reaction, discussed in this
article, enables us to capture and interpret the general trend in
human exposure observations, they may not suffice to explain
all variabilities in human exposure to chemicals. For instance, it
may be overly simplistic to attribute variability in absorption
efficiency to variations in partition coefficients and biotrans-
formation, given that the size, conguration, polarity, and
electrostatic status of molecules may also be important deter-
minants of their permeability.150,206 It is valuable to introduce
a broader range of chemical properties and ner segmentation
of the entire production-to-exposure continuum to maximize
the coverage of variability in human exposure to chemicals.

Second, while the use of sp-LFER based on the ternary air–
water–octanol system is straightforward, these empirical rela-
tionships are oen limited to certain specic chemical cate-
gories with quite narrow domains of applicability. Extrapolating
these empirical relationships to the huge universe of chemicals
is problematic and inappropriate. Instead, well-calibrated poly-
parameter linear free energy relationships (pp-LFER) oen
outperform equally well-calibrated sp-LFER, since pp-LFERs
account for a diversity of molecular interactions and have
more degrees of freedom for characterizing variability.207–209

Future efforts in expanding the use of pp-LFER in characterizing
partition tendency will be commendable. We also encourage
measuring and using partition coefficients for specic phase
combinations, rather than correlations with KOA, KAW, and KOW,
in chemical exposure studies. For instance, information is
currently insufficient regarding the extent to which many
chemicals (e.g., peruoroalkyl acids210) are bound to phospho-
lipids and proteins and their relative importance in governing
the absorption, distribution, metabolism, and excretion of
chemicals.

Third, it is still challenging to predict the partition, reaction,
dissociation properties for many chemicals present in the
environment, limiting our ability to predict their behavior in the
environment and human body. For instance, for commercial
chemicals, while their behaviors in the gas phase, e.g., hydrox-
ylation and ozonization, are relatively well predicted, their
multiphase chemistry is currently poorly characterized.211

Presently, QSAR models can reasonably predict only the
biodegradation half-lives of hydrocarbons in water.50,212

Computational tools are still lacking for the biodegradation of
the rest of the tens of thousands of chemicals in the aqueous
environment. It also remains unknown the relationship
between the biodegradation rate in water and in other envi-
ronmental media, as the current inter-medium extrapolation
factors (e.g., degradation half-lives are assumed to be 1 : 1 : 4
(ref. 213), 1 : 2 : 9 (ref. 214) or 1 : 2 : 10 (ref. 215) in water, soil,
and sediment, respectively) are derived from a very small group
of chemicals, mostly persistent organic pollutants. Also, model
predictions of pKa remain highly uncertain; a prominent
This journal is © The Royal Society of Chemistry 2021
example is the large variability in predicted pKa values for per-
uoroalkyl carboxylic acids.216 In addition, there is a lack of
modeling tools to quantify the permeability of chemicals
through various absorption barriers, e.g., intestinal and
pulmonary epithelia. For these reasons, we also encourage the
efforts to develop, evaluate, and apply new approach method-
ologies (NAMs),217 e.g., QSARs, high-throughput in vitro assays,
and machine learning techniques, for quantifying chemical
properties and characterize the uncertainty associated with the
quantications.

Fourth, there is a paucity of experimental data for chemicals
with extreme properties for generalizing meaningful, solid
conclusions. An example is the scarcity of measurements of
absorption efficiency,146 bioaccumulation potential,89 and tox-
icokinetics58 of super hydrophobic chemicals with log KOW

greater than 8. For these chemicals, current understandings
build largely on limited numbers of measurements, which are
uncertain and insufficient. As well, we should recognize chal-
lenges in observing or measuring the fate and behavior of
chemicals with extreme properties. Environmental monitoring,
biomonitoring, and instrumental analysis expertise are in
urgent need in this regard.

Lastly, little is known about how the interaction between
chemical properties, mode of emissions, and human behavior
shapes human exposure to various chemicals. For instance, the
prevalence of colored areas in Fig. 6 indicates that chemical
properties play the sole leading role in determining the most
predominant exposure pathway for most combinations of parti-
tion coefficients. That is, the identied most relevant exposure
pathway is almost xed regardless of variability in human
behavior, as long as a chemical is released indoors. However, for
chemicals located close to the edge of a colored area, the relative
importance of exposure pathways may be reversed if a change
occurs to human behavior and the mode of emissions, e.g.,
a switch from indoor to outdoor emissions. A case is PCB-28,
which is located near the border between areas of inhalation
and dietary ingestion: Inhalation dominated aggregate exposure
of adults for years with indoor PCB use, but dietary ingestion took
the lead immediately aer the ban of indoor use.24 By contrast,
the diet has always been the largest source of exposure of adults
to PCB-153, which is located far from the border, throughout the
time regardless of its indoor use.24 Therefore, a holistic method is
warranted to characterize comprehensively and reasonably the
impact of mode of emissions and human behavior on exposure
to these variable chemicals, which thus necessitates tools that
mechanistically integrate emissions, fate, exposure, and risks,
e.g., the recent PROTEX24,126 and PROTEX-HT218 models. In
addition, recognizing the fact that many commercial chemicals
are “multimedia and multi-route” in nature largely because of
their diverse chemical properties, regulatory agencies would be
well-served to transition from the management of medium-
specic contamination to a more integrated chemical manage-
ment framework.
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