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a b s t r a c t

Semivolatile organic compounds (SVOCs) can be easily adsorbed on the suspended particulate matter
(PM), and the exchange of SVOCs across the air-particle interface is crucial for the determination of their
exposure on human. In the present study, an airborne particle with a diameter of 2.5 mm is fully
reconstructed and applied to investigate the SVOCs transport mechanism and the adsorption/desorption
process. The pore size distribution of the particle is statistically estimated, based on which Knudsen and
Fick diffusion mechanisms are considered. The sorption process between the adsorbed SVOCs on the
element carbon (EC) and SVOCs in organic matter (OM) is performed with Langmuir-isotherm model.
The effective diffusivity in particle is numerically predicted and compared with the existing empirical
study. The influences of the equilibrium sorption constant and the volume fraction of organic matter and
carbon on the dynamic interaction process are also explored. Results show that the effective diffusivity of
the PM particle with low porosity predicted with the present model is much lower than that adopted by
the Bruggeman equation. The amount of adsorbed di-2-ethyhexyl phthalate (DEHP) on EC is predomi-
nant compared with the gas phase in pores and dissolved phase in PM. The total amount of DEHP
transporting from air to the PM particle is highly influenced by the equilibrium sorption constant and the
volume fraction of EC. The influence of volume fraction of OM on the total amount of adsorbed DEHP is
slight.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Semivolatile organic compounds (SVOC) constitute important
classes of indoor contaminants, which are served as additives in
flame retardants, plasticizers and pesticides. Studies have proved
that exposure to such compounds attributes to severe adverse
health effects including toxicity in reproductive and respiratory
systems of humans [1,2]. Their intake by humans can be mainly
conducted through three ways, dermal contact with sources,
ingestion of dust and inhalation of air and airborne particles [3]. It is
reported that when the particle size is fine or ultrafine, such as
PM2.5, the particle-associated SVOCs can be carried into the
bloodstream directly [4]. Therefore, characterizing the exchange of
SVOCs between different compartments such as gas phase and
airborne particles is essential for the determination of their expo-
sure on human.
o).
In recently decades suspended particulate matter (PM) has been
the major pollutant due to the combustion of fossil fuels [5]. The
main chemical components of PM include organic matter (OM),
element carbon (EC) and different kinds of inorganic salts [5]. Due
to the high specific surface area of PM and high solubility of SVOCs
in OM, airborne particles can adsorb SVOCs easily and the inter-
action is a long-term process because of the low volatility of the
compounds. As the particle behaviors of motion, transport and
deposition are quite different for different particle sizes, the ex-
change of SVOCs between gas phase and PM tends to be very
complicated. Liu et al. [6] pointed out that the particle-associated
SVOCs behaviors are related with the size distribution of parti-
cles, and which can be directly influenced by the mass transfer
limitations and the ratio of the equilibrium and residence time of
the particles. Therefore, much attention has been devoted to the
interaction between gas phase SVOCs and PM.

The detailed exchange process of SVOCs between the gas phase
and PM can be described as illustrated in Fig. 1, where an elemental
volume of PM is supposed to be a sphere with porous structure.
SVOCs in air diffuse into the pore of PM and dissolute into OM.
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Fig. 1. Representative of physical diffusive model of DEHP in PM.

Fig. 2. SEM of a representative carbonaceous particle (reproduced from Ancelet et al.
[19]).
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Diffusion mechanisms of SVOCs in pores may vary from Fick
diffusion to Knudsen diffusion according to the pore size. When the
SVOCs transfer to the interface between OM and EC, the adsorption/
desorption process occurs. The mass exchange of SVOCs between
dissolved and adsorbed SVOCs has been suggested by first order
sorption models, among which Langmuir-isotherm model [7] and
Freundlich model [8] are widely adopted. Therefore, three different
phases of SVOCs exist in the PM, namely, gas, dissolved and
adsorbed phase.

The existing and commonly used models to describe the inter-
action between gas phase and PM can be categorized as two classes.
One is based on the equilibrium partition theory model assuming
the adsorption and absorption being in equilibrium. The distribu-
tion of SVOCs in gas phase and PM is obtained with an equilibrium
partition constant, Kp, which is related with the liquid vapor
pressure and determined experimentally [9]. Details concerning Kp
are reviewed in several studies [1,9e12]. However, the equilibrium
state can hardly be reached if the air exchange rate is high, and
therefore deviation has been observed when compared with the
experimental work [11,13]. The other one is based on the dynamic
mass transfer process. Rounds and Pankow [14] proposed a radial
diffusionmodel which considers the PM consisting of a solid carbon
core covered by a liquid-like organic layer. Diffusion and partition
processes take place within the organic layer and the interface
between carbon and OM, respectively. The model was improved
later by Pankow [10] who included the external mass transfer into
the model. Comparison of time scales between the internal diffu-
sion and external mass transfer processes has been performed by
Weschler and Nazaroff [11], and the result suggested that the
external mass transfer process is predominant for the rate-limiting
process for partition. Based upon the assumption, PM could be
treated as a compartment with well-mixed SVOCs [2e4,6,15e17].
Liu et al. [15] presented a more detailed analysis on the criterion to
judge the dominant factor between the internal and external mass
transfer process. However, the accuracy of the model is highly
dependent on the adopted mass transfer coefficient and Kp.
Parameter uncertainties on Kp studied by Salthammer and Schripp
[12] suggested that the calculated distribution behavior might be
strongly influenced by singular value such as the vapor pressure,
volume fraction of organic matter and total suspended particle. And
the external mass transfer coefficient spans several orders of
magnitude in the literature [16].

The above mentioned models have been adopted on the pre-
diction of the transport and distribution of indoor SVOCs. However,
the detailed morphology characteristics of the PM, such as the
specific surface area, structure and pore size distribution (PSD)
could hardly be considered [16]. Typically, the pore size spans
several order magnitude ranging from the nano-pore to macro-
pore, and the diffusion mechanism varies from Knudsen to Fick
diffusion. Such a situation is obviously not satisfactory for deeply
understanding the physical process and more accurately predic-
tion. The objective of the present study is to provide a pore-scale
simulation on the dynamic interaction of SVOCs and PM2.5. A
more sophisticated model will be proposed which can provide a
detailed SVOCs transport mechanism in PM including the particle-
gas partition, mass transport and adsorption/desorption processes.
As a typical kind of SVOCs, di-2-ethyhexyl phthalate (DEHP) has
been chosen in this work.

In the following section, we firstly present the detailed recon-
struction process of microstructures of the PM2.5, followed by the
introduction to simulation model and numerical methods. Then,
the detailed numerical results and discussions are presented.
Finally, some conclusions are drawn.

2. Reconstruction of microstructures of the PM2.5 particle

The final chemical compositions of PM are strongly dependent
upon some factors including the anthropogenic and natural sources
[5]. For example, for the emissions in automobile exhaust andwood
smoke, experimental study has found that the mass fractions of OM
and EC of the total particulate mass are 80% and 50%, respectively
[18]. Such discrepancies exhibit spatially and seasonally. Cao et al.
[5] investigated the chemical compositions of winter and summer
PM2.5 in fourteen Chinese cities. It is indicated that OM and EC
present maximum in winter and minimum in summer. The OM
concentrations in all cities vary from 13.3 to 95.8 mg m�3 while the
EC concentrations vary from 4.6 to 21.5 mg m�3.

The microstructures of PM particles have been extensively
investigated with the scanning electron microscopy (SEM) to
determine the PSD and PM particles morphology [19,20]. Fig. 2 il-
lustrates a representative SEM image of a carbonaceous particle
agglomeration with its diameter around 10 mm shown by Ancelet
et al. [19]. It can be found that the PM particle is a porous medium
with its compositions such as OM and EC filling in the pores, and
the PSD is at nanoscale. Although the specific microstructures and
chemical compositions of PM particles may differ greatly, our focus
is mainly on the general characteristics of the pore-scale process of
DEHP transferring in OM and pore and adsorption/desorption
process at EC surfaces. Such general characteristics can be obtained
by selecting some typical values of the volume fractions of OM and
EC and the porosity of PM particles. According to the experimental
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data given by Cao et al. [5], the basic case we choose for the above
three values are 0.3, 0.3 and 0.4, respectively.

The microstructure of a PM particle can be obtained via
computational reconstruction algorithms [21,22] by lattice Boltz-
mann method (LBM) [23,24]. The D3Q19 model is adopted here for
the 3D generation. The quartet structure generation set (QSGS)
proposed by Wang et al. [22] is employed in this paper. The
reconstruction of a PM particle is implemented by reconstruction of
EC and OM in a small space (particle) to their specified volume
fraction. The procedures for the reconstruction of EC are briefly
introduced as follows: (1) EC seeds are firstly randomly assigned
according to a distribution probability, cd. A higher cd represents
more seeds in the computational domain, and therefore the EC
agglomerates are bigger. cd ¼ 0.01 was chosen in the present study;
(2) The existing seeds grow to the neighboring cells along the di-
rections shown in Fig. 3. The growth probabilities for the directions
of 1,2,3,4,5,6 are a and those for the rest directions are a/2 (a¼ 0.05
in the present study); (3) Repeat step (2) until the pre-specified
volume fraction of EC is achieved. The growth of OM is a little
different from that of EC: (1) All the existing seeds of EC are initially
served as the seeds for the growth of OM; (2) The existing seeds
grow to the neighboring cells when the neighboring cells are not
marked as EC cells; (3) Repeat step (2) until the pre-specified vol-
ume fraction of OM is obtained.

In the present study, a PM2.5 particle surrounded in gas phase
DEHP was studied. To save the computational resources, one-
eighth PM2.5 particle was chosen and reconstructed in Fig. 4 ac-
cording to the basic case introduced above. Parameter sensitivities
on the OM and EC are performed via varying the volume fractions of
OM and EC. The sizes of the computational domain are
1.5 � 1.5 � 1.5 mm. The mesh system adopted is 150 � 150 � 150,
with the mesh resolution of 10 nm. Detailed information on the
structures will be discussed in Section 4.
Fig. 4. Reconstructed nanostructures of a one-eighth PM2.5, (a) 3D structure; (b)
Detailed distributions of EC, OM and pore at the cross-section of y ¼ x.
3. Simulation model and numerical methods

3.1. Governing equations

Following the work presented by Weschler and Nazaroff [11]
and Liu et al. [15], the convection effect on DEHP diffusion in the
PM particle is neglected. The DEHP transport equation in pores can
Fig. 3. Cell growing directions in the QSGS or the D3Q19 model in LBM.
be described by Eq. (1), where C is the gas phase concentration and
Db is the diffusivity.

vC
vt

¼ V$ðDbVCÞ (1)

In the pores, bulk diffusion and Knudsen diffusion are included
according to the pore diameter. The Knudsen diffusivity DKn, is
calculated as

DKn ¼ dp
3

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
8RT

pMDEHP

s
(2)

where R is the universal gas constant, T is the temperature,MDEHP is
the molecular weight of DEHP, dp is the pore diameter. The critical
pore diameter to distinguish the macro-pore from meso-pore is
defined as ten times of the molecular free path l of DEHP [25]. The
diffusivity in macro-pore is denoted as Db, while that in meso-pore
is calculated with D�1

b þ D�1
Kn

� ��1
[25]. dp is locally calculated via

the 13-direction averaging method [26].
When DEHP transports to pore-OM interface, it will be dissolved

in OM. The dissolved DEHP concentration at the interface Ce is
determined by partition coefficient as described in Eq. (3).

Ce ¼ KPC (3)

The DEHP diffusion in OM is described as follows
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vCe
vt

¼ V$ðDeVCeÞ (4)

where De is the DEHP diffusivity in OM. Then, DEHP will be
adsorbed on the EC and the whole process is assumed to follow the
Langmuir-isotherm model. All the relevant parameters in the
model are listed in Table 1. By altering the relevant parameters in
this table, the present model can also be applied to other kinds of
SVOCs.
3.2. Initial conditions and boundary conditions

The DEHP concentration in PM is initially assumed to be zero
while the gas phase DEHP in the computational domain with PM
excluded is C0. Constant DEHP concentration C0 is fixed on the top,
right and forward sides of the domain, while symmetrical condi-
tions are applied on the other sides of the domain. At the interface
of OM-EC, Langmuir-isotherm condition is defined [26].

vCeðx; tÞ
vt

¼ Lð � kaCeðx; tÞ þ kdMðx; tÞÞ

vMðx; tÞ
vt

¼ kaCeðx; tÞ � kdMðx; tÞ; ke ¼ ka
kd

(5)

where ka is the adsorption constant, kd is the desorption constant,
ke is the equilibrium sorption constant and L is the loading ratio
which equals to the mesh resolution in the present study. The
adsorbed DEHP at the location of x and time t is denoted as M(x,t).
The detailed implementation process of the Langmuir-isotherm
boundary can be found in our previous work [26].
3.3. Numerical methods

Due to its simplicity and flexibility in dealing with complex
boundary conditions, LBM has been applied to simulate the whole
DEHP transport process in PM particle. Unlike directly solving the
partial differential equations (Eq. (1)e(4)), the diffusion of DEHP
can be described by a set of species distribution functions as a
collective behavior of pseudo-particles on a mesoscopic level. The
simpler and popular BGK collision operator is adopted

fi x þ Dx; t þ Dtð Þ � fi x; tð Þ ¼ �1
t

fi x; tð Þ � f eqi x; tð Þ
� �

(6)

where fi (x, t) is the species distribution function at the lattice site x
and time t, t is the dimensionless relaxation time, Dx¼ ceiDtwith c,
Dx and Dt as the lattice speed, space and time step, respectively. For
a three-dimensional space with nineteen velocities at a given po-
sition D3Q19, the discrete velocities ei are given by
Table 1
Parameter values used for the basic case in the simulation [15,16].

Parameter Value

Adsorption rate constant, ka 1.0 m h�1

DEHP diffusivity in air, Db 2.64 � 10�6 m2 s�1

Desorption rate constant, kd 107 h�1

DEHP diffusivity in OM, De 1.78 � 10�9 m2 s�1

Initial concentration of DEHP, C0 0.65 mg m�3

Partition coefficient, Kp 1012.9

Molecular weight of DEHP, MDEHP 390.56 g mol�1

Temperature, T 298.0 K
Volume fraction of EC, fEC 0.3
Volume fraction of OM, fOM 0.3
ei ¼
8<
:

0 i ¼ 0
±1;0;0ð Þ; 0;±1;0ð Þ; 0;0;±1ð Þ i ¼ 1� 6
±1;±1;0ð Þ; 0;±1;±1ð Þ; ±1;0;±1ð Þ i ¼ 7� 19

(7)

The corresponding equilibrium distribution functions f eqi x; tð Þ
are given by

f eqi x; tð Þ ¼
8<
:

C=3 i ¼ 0
C=18 i ¼ 1� 6
C=36 i ¼ 7� 19

(8)

The concentration C(Ce) and diffusivity DDEHP(DDEHP,e) can be
obtained as follows:

C Ceð Þ ¼
X
i

fi x; tð Þ (9)

D Deð Þ ¼ 1
3

t teð Þ � 1
2

� �
Dx2

Dt
(10)

With Chapman-Enskog expansion, Eqs. (6) and (9) can be
recovered to Eqs. (1) and (4). The code is parallelized usingMessage
Passing Interface (MPI) on 300 CPU cores. The running time to
reach an equilibrium state for the basic case is about 5 days.
4. Results and discussion

4.1. Characterization of the PM particle structures

The characteristics of the PM particle microstructures including
the PSD and specific surface area determine the critical transport
properties and adsorption/desorption process in the PM. By
calculating the pore diameter of each cell in the domain, the PSD
can be statistically obtained. In the following discussion, the basic
case listed in Table 1 is taken as an example. Fig. 5 shows the PSD of
the reconstructed PM particle. The minimum pore size captured in
this study is 10 nm due to the resolution of the mesh. All the pore
diameters are in the range of 10e130 nm, indicating the nanoscale
characteristic of the PM particle. Themajority of the pore diameters
are around 10 l, and only a small amount of pore diameters is larger
than 100 nm. The distribution characteristic of the pore diameters
qualitatively agrees well with the existing studies [26,27]. Besides,
according to the statistical results, 54% of the pores are at meso-
scale, in which the diffusion mechanism of DEHP is Knudsen and
Fick diffusion. Therefore, the effective diffusivity of the PM particle
Fig. 5. PSD of the reconstructed PM.
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is essentially dependent on the PSD, which will be discussed later.
The total cell volume for EC and OM are 166822 and 166762

(Dx)3, respectively. Meanwhile, the total surface area of EC and OM
are 147526 and 161001 (Dx)2, respectively. The total surface area for
EC is smaller than that for OM. The reason is mainly attributed to
their different states that EC is in agglomerate state while OM is in
film state. The specific surface area is determined by the cell res-
olution Dx that higher resolution results in higher specific surface
area. With Dx equals 10 nm and the density of PM is 106 g m�3 [15],
the specific surface area of OM and EC are 96.5 and 88.5 m2 g�1 for
the PM shown in Fig. 4, respectively. A high surface area of OM
could promote the dissolution of DEHP in gas phase, while a high
surface area of EC could increase the total amount of adsorbed
DEHP.

4.2. Effective diffusivity

To validate our self-developed code of the reconstruction
method, the effective diffusivity of DEHP in a cubic domain con-
taining different volume fractions of EC and OM is numerically
predicted and compared with the existing results. For this verifi-
cation a domain of 1 � 1 � 1 mm, is adopted and discretized by
100 � 100 � 100 lattices. The cells in the domain are labeled 0, 1
and 2 representing pore, EC and OM, respectively. Diffusivities in
different kinds of cells, especially for the meso-/macro-pores, are
assigned according to the discussion in Section 3.1.

Comparison of the effective diffusivity obtained with the pre-
sent model and several existing work [27,28] is plotted in Fig. 6. The
effective diffusivity is normalized by the bulk diffusivity listed in
Table 1. Since the PSDs generated with the present stochastic
reconstruction method may be different within a certain range
[26], each value shown in Fig. 6 is statistically averaged by five
different cases to minimize the random error. The porosity is
changed only by altering the volume fraction of OM (referred as
mode 1) or EC (referred as mode 2) while keeping the volume
fraction of the other composite a constant. As the porosity in-
creases, the sum of the volume fraction of OM and EC decreases,
and therefore the effective diffusivity increases. The result pre-
dicted with the present model agrees well with Lange et al. [28],
while a bit higher than that given by Chen et al. [27]. The
discrepancy might be attributed to the following reasons. As the
mesh resolution adopted in the work of Chen et al. [27] is much
smaller than the present study, the percentage of meso-pores is
higher. Due to a smaller diffusivity in meso-pore than that in
Fig. 6. Variations of effective diffusivity with different porosities.
macro-pore, the effective diffusivity in our work is higher. Besides,
there are three components involved in our model, and OM is
permeable with a given diffusivity. The solid phase in the work of
Chen et al. [27] is impermeable, which explains a higher effective
diffusivity predicted with our model. It can also be found in Fig. 6
that the variation tendency of effective diffusivity under two
different modes is different. The effective diffusivity with fOM ¼ 0.3
increases with porosity faster, especially at a higher porosity, and it
is mainly due to a higher volume fraction of OM under the same
porosity. For example, when the porosity is 0.3, the volume fraction
of OM under mode 1 is 0.4, and therefore the effective diffusivity in
mode 1 is higher than that in mode 2.

In Fig. 6, the effective diffusivity calculated with Bruggeman
equation is also included, which is obtained with the following
equation:

Deff

.
Db ¼ ε

t
(11)

where ε and t are the porosity and tortuosity of a porous medium,
respectively. The tortuosity t, representing the ratio between the
actual flow path length and the straight length of a porous medium,
is usually set as t ¼ ε

�0.5. It is shown in Fig. 6 that the effective
diffusivity predicted with Bruggeman equation is overestimated.
This may be explained as follows. With Knudsen diffusivity
considered, the total diffusivity in the local meso-pore is smaller.
For example, under the simulation condition of T ¼ 293 K and
P¼ 1 atm, the Knudsen diffusivity of DEHP in a pore size of 10 nm is
4.24 � 10�7 m2 s�1, and therefore the total diffusivity is
3.65 � 10�7 m2 s�1, which is much smaller than Db. Moreover, the
irregular model generated may lead to a higher tortuosity, which is
also confirmed by several studies [26,29].
4.3. DEHP distribution features in three different phases

In order to gain a direct impression of the transport process of
DEHP, simulation results for the basic case are presented in Fig. 7.
Four different cross-sections along the x-direction are selected. It
can be seen that as time proceeds DEHP amount in three different
phases increases and then reaches a steady state. Fig. 7(a) shows
the DEHP in gas phase. Since DEHP concentration in air is initially
set as C0 and that in the PM is set as 0, DEHP transports greatly from
air to the pores in PM particle owing to the large concentration
gradient. With more DEHP diffuses into the PM particle, the vari-
ation of DEHP concentration tends to be slower. Besides, one part of
the gas phase DEHP will partition at the interface of OM-pore and
dissolve into OM. Compared with the transport process in OM,
DEHP transports easily in the pores due to its relatively high
diffusivity. The diffusivity in pores is several orders magnitude
higher than that in OM. It can also be found that unlike the cross-
section of P4, the transport resistance for P1 is high, and there-
fore the time needed to reach a steady state is comparatively longer.

Fig. 7(b) presents the distribution of dissolved DEHP in OM.
Dissolved DEHP is highly related with gas phase DEHP in pores,
since the concentration of dissolved DEHP at the interface of OM-EC
is determined by Kp and the concentration of gas phase DEHP (see
Eq. (3)). The dissolved DEHP in OM diffuses relatively slowly
because of its small diffusivity. As EC is covered by OM, when the
dissolved DEHP diffuses to the interface of OM-EC, the dissolved
DEHP will be adsorbed at the EC surfaces.

Fig. 7(c) displays the distribution of adsorbed DEHP on EC sur-
faces. The concentration of adsorbed DEHP highly depends on the
concentration of dissolved DEHP in OM and the adsorption/
desorption rate constants (see Eq. (5)). Since the adsorbed DEHP is
initially set as 0, its concentration may increase sharply at



Fig. 7. DEHP distribution in different phases: (a) gas phase DEHP in pores; (b) dissolved DEHP in OM; (c) adsorbed DEHP in OM-EC surfaces.
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beginning since the amount of DEHP desorbed can be neglected.
When the adsorbed and desorbed DEHP at the EC surfaces are the
same, an equilibrium state between the dissolved and adsorbed
DEHP is reached. Finally, all the phases of DEHP in PM particle will
obtain a steady state. According to the present study, the time
needed for the adsorbed DEHP reaching a steady state is signifi-
cantly longer than that for the other two phases. It takes about
10�3 s for the adsorbed DEHP while 10�6 s for the other two phases
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to reach an equilibrium state. The total amount of the adsorbed,
dissolved and gas phase DEHP in the PM particle at the equilibrium
state is 4.842 � 10�6, 5.426 � 10�7 and 6.968 � 10�20 mg, respec-
tively. The result indicates that the majority of DEHP is mainly
adsorbed at the EC surfaces and the DEHP diffused in gas phase can
be neglected when compared with the other two phases. The fac-
tors influencing the total amount of DEHP include the morphology
of the PM particle (such as the porosity, aspect ratio, volume frac-
tion of EC and OM) and the equilibrium sorption constant. In the
following studies on the effects of equilibrium sorption constant,
volume fractions of EC and OM on the transport process of DEHP
will be presented.

It is worth noting that from the amounts of the three phases, the
effective partition coefficient can be predicted as follows. The total
amount of DEHP in PM2.5 can be calculated as:

mtotal ¼ mDissoluted þmAbsorbed þmGas (12)

where mDissoluted, mAbsorbed and mGasare the amount of DEHP in
adsorbed, dissolute and gas phase, respectively. The effective
partition coefficient KP,eff can be obtained with the following
equation:

KP;eff ¼
mtotal

1
�
8pr3

�
C0 (13)

And the gas/particle partition coefficient Kpart (mg m�3) can be
calculated by

Kpart ¼ KP;eff

.
rpart (14)

with an appropriate value of particle density rpart.
Fig. 8. Time evolution of DEHP in different phases with different equilibrium sorption
constants: (a) adsorbed DEHP; (b) dissolved DEHP in OM and DEHP concentration in
pores.
4.4. Effect of the equilibrium sorption constant

Since the equilibrium sorption constant is a crucial factor which
affects the mutual conversion between the adsorbed and dissolved
DEHP directly, parameter sensitivity analyses are performed to
examine its influence on the DEHP transport process in PM particle.
By comparing a set of adsorption/desorption rate constants while
keeping the equilibrium sorption constant the same, Guo [16]
investigated the adsorption characteristics for PM2.5 particle and
concluded that the total amount of DEHP is only determined by the
equilibrium sorption constant while the time needed to reach a
steady state shortens greatly with the increasing of adsorption/
desorption rate constants. By introducing Langmuir-isotherm
model to the VOC adsorption/desorption process of building ma-
terial, similar results that the equilibrium state is influenced by
adsorption/desorption rate constant can be found in the study of
Mu et al. [26]. Typically, there are two modes to change the equi-
librium sorption constant. One is by altering the desorption rate
constant while the other is by altering the adsorption rate constant.
According to references [16,26], the amount of VOCs/SVOCs
adsorbed is only influenced by the equilibrium sorption constant,
and therefore there is no need to investigate the influence of
adsorption rate constant and desorption rate constant separately. In
this study, the equilibrium sorption constant is changed only by
altering the desorption rate constant while fixing the adsorption
rate constant for simplicity. Fig. 8 depicts the time evolution of
DEHP in different phases with different equilibrium sorption con-
stants. As is shown in Fig. 8(a), the DEHP concentrations in gas
phase and DEHP amount in OM increase sharply and then reach a
steady state in a short time (less than 1 � 10�6 s). It is interesting
that there is no significant discrepancy for DEHP in gas phase and
dissolved phases under orders-different equilibrium sorption
constants. The reason can be explained as follows. For the dissolved
DEHP transferring to the interface of OM and EC it is required a
rather longer time than that for the DEHP in air diffusing to the
pores in PM particle, therefore, during the period of 0e1 � 10�6 s,
the variation of DEHP concentration will not be affected by the
equilibrium sorption constants. Attention is now turned to the
adsorbed DEHP, the desorption rate of DEHP from the EC surfaces is
small during this period. Therefore, the net adsorption rate of DEHP
at the EC surfaces will not be influenced. The result is supported by
Fig. 8(b) that the amount of adsorbed DEHP during this period is
comparatively small when compared with the amount at steady
state.

In Fig. 8(b) it is presented that the adsorbed DEHP at the EC
surfaces increases with time under different equilibrium sorption
constants. It can be found that the total amount of adsorbed DEHP
varies linearly and then decreases until a steady state is reached.
For example, as the equilibrium sorption constant is 10�7 m, the
adsorbed DEHP is little and therefore the second term in the right
side of Eq. (5) can be neglected. When the adsorbed DEHP increases
to some extent, the DEHP desorbed from the EC surfaces tends to be
significant. As is stated before, higher equilibrium sorption constant
corresponds to a lower desorption rate constant (see Eq. (5)),
therefore the time needed for the desorbed DEHP from the EC
surfaces increases greatly with a higher equilibrium sorption con-
stant. Meanwhile, a higher equilibrium sorption constant will result
in a higher adsorbed DEHP concentration at the EC surfaces. Based



Fig. 9. PSD distributions with different volume fractions of EC.
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on the present study, it can be concluded that the total amount of
DEHP transporting from air to PM depends on the equilibrium
sorption constant significantly, and the time needed to reach an
equilibrium state is mainly determined by the adsorption/desorp-
tion process other than the DEHP diffusing in OM.
Fig. 10. Time evolution of DEHP in different phases with different volume fractions of
EC: (a) dissolved DEHP in OM and DEHP concentration in pores; (b) adsorbed DEHP.
4.5. Effect of the volume fraction of EC

The morphology of PM2.5 particle, characterized by several
parameters such as porosity, PSD, tortuosity and aspect ratio, is
affected by the volume fraction of EC greatly. Therefore, the
transport of DEHP in pores and the adsorption/desorption process
will be influenced by this factor. Fig. 9 shows the PSD distributions
under different volume fractions of EC (fEC). As fEC increases, the
porosity of the PM particle decreases, and therefore the maximum
pore diameter decreases. For example, the maximum pore di-
ameters with fEC equaling 0.3 (see Fig. 5), 0.4, 0.5 and 0.6 are 130,
110, 100 and 70 nm, respectively. Meanwhile, the frequency of
meso-pores increases significantly with the increase in fEC, which
will result in lower effective diffusivity of DEHP in pores. For the
particle studied as fEC equals 0.4, 0.5 and 0.6, the specific surface
areas of OM/EC are 96.2/83.0, 95.4/75.9 and 93.4/67.9 m2 g�1,
respectively. Note that a higher specific surface area of OM benefits
the transport of dissolved DEHP since fOM is the same. Despite the
specific surface area for EC is lower with a higher fEC, the total
surface area is higher and therefore benefits the increases of total
amount of adsorbed DEHP.

Fig. 10 presents the time evolution of DEHP in different phases.
As shown in Fig. 10(a), the time needed for the gas phase DEHP in
pores to reach a steady state decreases and the concentration at
steady state increases with the reduction of fEC. Similar result has
been found for the dissolved DEHP in OM. The adsorbed DEHP at
the EC surfaces is illustrated in Fig. 10(b). It can be seen that the
Fig. 11. Time evolution of DEHP in different phases with different volume fractions of
OM: (a) dissolved DEHP in OM and DEHP concentration in pores; (b) adsorbed DEHP.



Fig. 12. DEHP distribution in different phases with different volume fractions of OM at t ¼ 4 � 10�4 s: (a) dissolved DEHP in OM; (b) adsorbed DEHP at OM-EC surfaces.
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adsorbed DEHP of different fEC is almost the same at the very
beginning (during the period of 0e5 � 10�5 s). As the total area for
adsorption/desorption at the EC surfaces increases with fEC, while
the dissolved DEHP decreases with fEC, and therefore no significant
discrepancy exists. As time proceeds, the dissolved DEHP in OM
reaches a steady state, the variation of adsorbed DEHP is highly
depends on the equilibrium concentration of dissolved DEHP
(Ce,equil). When fEC is lower than 0.6, the difference of Ce,equil among
the cases in the present study is relatively small, and therefore the
variation of the adsorbed DEHP depends highly on the total surface
of EC. When fEC equals 0.6, Ce,equil is comparatively small. A tradeoff
between the increasing total surface area and decreasing Ce,equil
results in a lower adsorbed DEHP. Therefore, it can be concluded
that the equilibrium adsorbed DEHP increases and then decreases
with fEC based on the total surface area of EC and the equilibrium
dissolved DEHP in OM.

4.6. Effect of the volume fraction of OM

The volume fraction of OM (fOM) can affect the diffusion of
dissolved DEHP in OM, and therefore influences the adsorption/
desorption process at the interface of OM-EC. Fig. 11 presents the
time evolution of DEHP in different phases with different volume
fractions of OM. As shown in Fig. 11(a), with the increase of fOM, the
concentration of DEHP in pores reaches an equilibrium state much
faster. This is mainly because the effective diffusivity decreases
with the decrease of porosity. It is interesting to find that the
concentration of DEHP in gas phase increases with fOM. The reason
may be explained as follows. The diffusivity of DEHP in OM is
several orders lower than that in pores, therefore, OM can be
regarded as resistance for the gas phase DEHP transporting to OM,
which in turn benefits the accumulation of gas phase DEHP in
pores. However, the increase of OM can hinder the DEHP trans-
porting from air to the pores in the PM particle. The increment of
DEHP in gas phase becomes less with the increase of fOM. From
Fig. 11(a), it can also be expected that the total amount of dissolved
DEHP in OM increases with fOM.

The evolution of adsorbed DEHP at the EC surfaces is illustrated
in Fig. 11(b). It can be found that the adsorbed DEHP increases with
fOM slightly. This may be attributed to the specific area of EC and the
total amount of dissolved DEHP. With the random reconstruction
method, isolated EC which is not covered by OM may exist in the
PM particle. With the increase of fOM, the possibility of EC covered
by OM tends to be higher, which results in higher interface area
between OM and EC. The interface area is considered to be the
reaction surface where adsorption/desorption occurs. For example,
the specific areas for EC with fOM equaling 0.3, 0.4 and 0.5 are 88.5,
88.6 and 88.6 m2 g�1, respectively.

Fig. 12 shows the DEHP distribution in dissolved and adsorbed
phases at t ¼ 4 � 10�4 s. It can be seen that dissolved DEHP in OM
increases with fOM since the interface area between the pore and
OM increases. The dissolved DEHP mainly distributes away from
the center of PM particle. Similar distribution characteristics exist
for the adsorbed DEHP. The adsorbed DEHP shows no significant
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difference with different fOM as is shown in Fig. 12(b).

5. Conclusions

In the present study, the dynamic interaction between DEHP
and the PM particle is numerically investigated with LBM at pore-
scale. The PM particle is reconstructed with QSGS method and its
characteristics of structures including the specific area and PSD are
statistically studied. Results show that the majority of pore in the
PM particle belongs to meso-pore, and its frequency increases with
the decrease of porosity. The effective diffusivity of the PM particle
calculated with Bruggeman equation is much higher than that
predicted with the present model, especially for the low porosity
due to the Knudsen diffusion considered. The total amount of DEHP
transporting from air to the PM particle mainly depends on the
adsorbed DEHP at the EC surfaces other than the DEHP in gas phase
and dissolved phase in OM. The equilibrium sorption constant
shows no influence on the time evolution of dissolved and gas
phase DEHP, while the adsorbed DEHP and the time needed to
reach a steady state increase greatly with the equilibrium sorption
constant. The DEHP in gas phase and dissolved phase decrease with
the volume fraction of EC, while the adsorbed DEHP increases
firstly and then decreases due to a tradeoff between the increasing
total surface area and the decreasing Ce,equil. The total amount of
dissolved phase DEHP increases with the volume fraction of OM,
while the gas phase and the adsorbed DEHP increase slightly.
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