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Response to Anonymous Referee #1

(1) Comments from Referee #1

Interactive comment on “Prediction of gas/particle partitioning of polybrominated
diphenyl ethers (PBDES) in global air: a theoretical study” by Y.-F. Li et al.

Anonymous Referee #1
Received and published: 2 December 2014
Review of Li et al. on PBDEs in air

This paper builds on a recent publication by the authors cited on line 717. That
publication provides a comprehensive set of data (700 pairs) on partitioning of PBDES
between gas (G) and particle (P) (aerosol) phases, mainly in China and over a wide
range in temperature (-22 to 38 deg C). They test the dependence of the P/G partition
coefficient Kp on the octanol-air partition coefficient Koa. The important conclusion
is that equilibrium appears to apply at log Koa up to about 10 then Kp tends to level
off and becomes constant at log Koa above about 12. This is novel and important
information. They develop several empirical regression equations. They claim that the
constant Kp regime is due to “saturation”. | have a problem with their use of that
word. To me, saturation implies an equilibrium state between two phases or, if one of
the phases is a pure substance, a solubility limit. Clearly conditions are far from
equilibrium or saturation. They recognize that in the intermediate regime conditions
are “non equilibrium” but steady state. In my opinion there is an equilibrium region, a
steady state region and between them lies a transition region.

The introduction is essentially a restatement of the work in the first paper. | find their
derivation and discussion very long and convoluted and difficult to understand. This
is not helped by reference to extensive Supplementary information with 18 figures.

They cite a paper by Rissler et al. On the kinetics of G - P trransfer. | would have
expected other citations especially to the texts by Seinfeld & Pandis and Finlayson
Pitts and Pitts.

I believe that a much shorter, higher impact and more understandable paper could be
written that would do better justice to their excellent empirical studies. My suggestion

IS major revision.

(2) Author's response and (3) author’s changes in manuscript



This Review is the same as the one made by Anonymous Referee #1 under the
initial manuscript evaluation before the paper was accepted for publication on
the Atmospheric Chemistry and Physics Discussions (ACPD) website. We have
responded these comments and some of their suggestions have been taken to
revise our manuscript published on the ACPD website already, as shown below.

This paper builds on a recent publication by the authors cited on line 717. That
publication provides a comprehensive set of data (700 pairs) on partitioning of PBDEs
between gas (G) and particle (P) (aerosol) phases, mainly in China and over a wide
range in temperature (-22 to 38 deg C). They test the dependence of the P/G partition
coefficient Kp on the octanol-air partition coefficient Koa . The important conclusion
is that equilibrium appears to apply at log Koa up to about 10 then Kp tends to level
off and becomes constant at log Koa above about 12. This is novel and important
information. They develop several empirical regression equations. They claim that the
constant Kp regime is due to “saturation”. | have a problem with their use of that
word. To me, saturation implies an equilibrium state between two phases or, if one of
the phases is a pure substance, a solubility limit. Clearly conditions are far from
equilibrium or saturation.

RE: Agree! The term “saturation (SA)” was changed to “maximum partition
(MP)” in the revised manuscript.

They recognize that in the intermediate regime conditions are “non equilibrium” but
steady state. In my opinion there is an equilibrium region, a steady state region and
between them lies a transition region.

RE: We do not agree. “Transition region” means the region is neither
equilibrium nor steady state. Actually all the three regions (equilibrium,
non-equilibrium, and the maximum partition region) are steady state, since all of
them are solutions of the steady equation (9) (Ng.p = Np.g + Np.g).

The introduction is essentially a restatement of the work in the first paper. | find their
derivation and discussion very long and convoluted and difficult to understand. This
is not helped by reference to extensive Supplementary information with 18 figures.

RE: The introduction presents the development of the study on gas-particle
partitioning behavior for SVOC. Each equation (from (1) to (8)) represents a step
forward in the development, which is important to lead the objectives of our
present study.

They cite a paper by Rissler et al. On the kinetics of G - P trransfer. | would have
expected other citations especially to the texts by Seinfeld & Pandis and Finlayson
Pitts and Pitts.



RE: We cite the paper by Rissler et al. only for the mean diameter of 0.1 m for
aerosols.

I believe that a much shorter, higher impact and more understandable paper could be
written that would do better justice to their excellent empirical studies. My suggestion

IS major revision.

RE: Both the paper and the Supplementary were shortened.



Response to Anonymous Referee #2

(1) Comments from Referees #2

Interactive comment on “Prediction of gas/particle partitioning of polybrominated
diphenyl ethers (PBDESs) in global air: a theoretical study” by Y.-F. Li et al.

Anonymous Referee #2
Received and published: 15 October 2014

A steady-state model is developed in this study to model gas/particle participation of
PBDEs in air. In addition to the chemical transfer from gas to particles, the competing
dry and wet depositions of particles are taken into account in quantifying gas/particle
participation. The study concludes that the equilibrium state is a special case of the
steady state when particle depositions are negligible relative to gaseous transfer. The
steady-state model shows better performance in fitting field measurements than the
equilibrium model published previously. The authors present a list of equations to
substantiate the development of the steady-state model. The findings are novel and
could be applied to model environmental behaviour and fate of PBDEs. The
manuscript is recommended for publication in ACP.

1. Line 5 on page 23418, defining Kpm is not really necessary since this parameter is
not used in any equations. The readers can be easily confused by so many newly
defined parameters such as Kpr, Kpe or Kpp.

2. Line 25-28 on page 23418, fom Is not a constant and it varies significantly from
one site to another, similar to TSP. As such, fom needs to be monitored as well in
real environment.

3. Line 12 on page 23420, the parameters A and B in Eg. (8) vary among different
PBDE congeners. Consider deriving another equation of logKpp(t), similar to Eq.
(8), since ambient temperature is more readily available than logKoa, and can thus
be readily used by modellers.

4. Line 16-18 on page 23441, consider re-wording this sentence.

5. Line 25 on page 23424, it appears arbitrary to introduce the constant C in Eq. (21).
What is the physical meaning of C? How could this parameter be subjectively
changed from 5 to 50 at Waliguan site? A bit more explanation and justification is
needed here for the constant C.

6. Typos: (1). Line 4 on page 23416, replace ‘routs’ with ‘routes’. (2). Line 2 and 4
on page 23419, consider replacing ‘Eq. (3)’ with ‘Eq. (2)’. (3). Line 21 on page



23419, replace ‘are” with ‘is’. (4). Line 4-7 on page 23440, consider replacing
‘steady’ with ‘steady state’. (5). Line 12 on page 23441, replace ‘planed’ with
‘planned’.

(2) Author's response and (3) author’s changes in manuscript
General

We thank the Referee #2 for his remark on the novelty of our paper, the support to
publish this paper in ACP, and also the comments on the weak points and errors made
in the paper. We response these comments in the following.

1. In this paper, many new parameters of Kp, including Kpm, Kpr, Kpg, and Kps,
have been defined for establishing the steady-state model for G/P partitioning
study. Kpy is directly calculated using the monitoring data. Although Kpy has not
been used in any equation in the paper, but it is used to derive Eq. (2) and also in
Figures 5, S11, S13, and S15.

2. In our study, the value of fop was assumed as 0.1 as suggested by Mackay 2001.
Although the real values of fom at sampling sites were most likely different from
0.1, but this did not affect the application of the steady-state equations, as
discussed in Section “4.5 The limitation of application”. Actually we did the
sensitivity analysis for parameter fon, and it was found that the final results are
not sensitive to the variation of the parameter fom. In the future, however, we will
try to monitor the values of foum.

3. We derived the equation to calculate logKpp(t) in our previous paper (Li and Jia,
2014), which has the form logKpp(t) = (0.011A-0.135)t-2.74B/(t+273)
+0.263A+0.011B-5.006

Reference: Li Y. F. and Jia, H. L.: Prediction of Gas/Particle Partition Quotients of
Polybrominated Diphenyl Ethers (PBDEs) in north temperate zone air: An
empirical approach, Ecotoxic. Environ. Safety, 108, 65-71, 2014.

4. “As equilibrium is an idealized scenario not presenting in real environment, the
steady state discussed here is also an ideal one, since only dry and wet depositions
were discussed.” has been changed to “It should be borne in mind that the steady
state discussed here is an idealized scenario since only dry and wet depositions
were discussed in the study, other factors, such as humidity and artifacts, will also
play roles to a certain extent to affect the G/P partitioning.”

5. “The value of C will be determined later” has been changed to “Thus the term CB,
is the chemical's molecular diffusivity for the particle film in air, and the value of
C will be determined later”. More discussions on C can be found in the section



“4.5 The limitation of applications”.

6. All typos except Typo (2) have been corrected. For Typo (2), we didn’t make the
replacement, because Eq. (3) is right.
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Abstract

Gas/particle (G/P) partitioning for mest-semivolatile organic compounds (SVOCs)
IS an important process that primarily governs their atmospheric fate, long-range atmospheric
transport-petential, and their routes to enter human body. All previous studies on this issue
have been-hypothetically derived-frembased on equilibrium conditions, the results of which
do not predict results from monitoring studies well in most cases. In this study, a steady-state
model instead of an equilibrium-state model for the investigation of the G/P partitioning
behavior for polybrominated diphenyl ethers (PBDES) was established, and an equation for
calculating the partition coefficients under steady state (Kps) for PBDE congeners (logKps =
logKpe + loga) was developed, in which an equilibrium term (logKpe= logKoat+logfom—11.91,
where fom is organic matter content of the particles) and a nonequilibrium term (log e, mainky
caused by dry and wet depositions of particles), both being functions of logKoa (octanol-air

partition coefficient), are included-. It was found that are-the equilibrium is a special case of

steady state when the nonequilibrium term equals to zero. A criterion to classify the
equilibrium and nonequilibrium status for PBDEs was also established using two threshold
values of logKoa, 10gKoa: and logKoaz, which divide the range of logKoa into 3 domains:
equilibrium, nonequilibrium, and maximum partition domains; and accordingly, two
threshold values of temperature t, try; when logKoa = logKoa: and tryz, when logKoa =
logKoaz, were identified, which divide the range of temperature also into the same 3 domains
for each PBDE congener. We predicted the existence of the maximum partition domain (the
values of logKps reach a maximum constant of -1.53) that every PBDE congener can reach
when logKoa > l0gKoaz, or t < tth. The novel equation developed in this study was applied
to predict the G/P partition coefficients of PBDEs for the published monitoring data
worldwide, including Asia, Europe, North America, and the Arctic, and the results matched

well with all the monitoring data, except those obtained at e-waste sites due to the



39

40

41

42

43

44

45

46

47

48

unpredictable PBDE emissions at these sites. This study provided evidence that, the newly
developed steady-state-based equation is superior to the equilibrium-state-based equation that
has been used in describing the G/P partitioning behavior in decades. We suggest that, the
investigation on G/P partitioning behavior for PBDEs should be based on steady state, not
equilibrium state, and equilibrium is just a special case of steady state when nonequilibrium
factors can be ignored. We also believe that our new equation provides a useful tool for
environmental scientists in both monitoring and modeling research on G/P partitioning for

PBDEs and can be extended to predict G/P partitioning behavior for other SVOCs as well.
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1 Introduction

Atmospheric transport is a major mechanism to move mest-semivolatile organic
compounds (SVOCs), including persistent organic pollutants (POPs), from
source regions to other remote places, including Arctic and Antarctic, where these
chemicals have never been produced and used (Barrie et al. 1992; Macdonald et al.
2000; Li et al.1998; Li and Bidleman, 2003; Eckhardt and Mang 2007). The gas/particle
(also called aerosol) (G/P) partitioning for SVOCs is a very important process that
primarily governs their atmospheric fate (Lohmann et al., 2000), since wet and dry
depositions and other processes act differently on gaseous and particulate SVOCs, thus
affecting the efficiency and scope of their long-range atmospheric transport and fate
(Bidleman, 1988). In addition, SVOCs are an important class of indoor pollutants that are
of great health concern to humans (Weschler and Nazaroff, 2008). The gaseous and
particulate SVOCs have different routes to enter human body, and therefore the
gasGl/particle—P partitioning for SVOCs has a significant influence on human exposure
(Weschler, 2003).

The G/P partitioning behavior of SVOCs, Kp, is commonly defined as (YYamasaki et al.
1982, Pankow 1991, Pankow and Bidleman 1991)

Kp = (Cp/TSP)/Cg (1)
where Cg and Cp are concentrations of SVOCs in gas- and particle-phases (both in pg m™ of
air), respectively, and TSP is the concentration of total suspended particle in air (ugm™).
Thus Kp has a unit of m® ug™. In this study, the term of partition quotient instead of
partition coefficient, is used for Kp, because partition coefficient is used for equilibrium
condition only, and Eguatien-Eq. (1) was not defined under equilibrium condition.

The value of Kp, calculated by Eguatien-Eq. (1) using the monitoring data TSP, Cp, and Cg,

is denoted as Kpp (subscript “M” in Kpp means measurement). It has been shown that there is
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a linear relationship between logKpy and logKoa (Koa is Oetaneloctanol-air partition
coefficient) (Finizio et al. 1997, Harner and Bidleman, 1998, Pankow, 1998) and between
logKpm and logP (P is sub-cooled liquid vapor pressure) (Pankow, 1987; Bidleman and
Foreman, 1987; Pankow and Bidleman, 1991, 1992). The logKoa-based model given by

log-Kpr = Mo logKoa + bo (2)
has been widely used in describing the partitioning behavior for SVOCs, where slope mg and
intercept bo are fitting constants obtained using regression of logKpy (from Eg. (1)) against
logKoa. The subscript “R” in Kpg indicates regression.

Unfortunately, Eguatien-Eq. (2) is not very useful to environmental modelers, since this
equation can only be used when the monitoring data of SVOCs concentrations in both gas-
and particle-phases are known, while the modelers need the equations to predict
environmental behavior, including their concentrations in air with both gaseeus—gas- and
particulate-particle-phases, based on physicochemical properties of ehemiealsSVOCs, their
emissions, climate and meteorological conditions.

Under the conditions of the equilibrium (mp=1), the dominant absorption processes
between gas- and particle-phases, and equivalence of octanol to the sorbing organic matter in
particles, Harner and Bidleman (1998) derived the following equation,

log-Kpe = l0g-Koa + l0g-fom -11.91 3)
where fom IS organic matter content of the particles. The subscript “E” in Kpe indicates
equilibrium. In comparison to Eq. (2), Eg. (3) has an advantage to predict Kpe from the values
of Koa and fom without the need of real monitoring data.

However, as discussed in the previous publications (Finizio et al., 1997; Cetin and
Odabasi, 2007; Tian et al., 2011; Yang et al., 2013; Li and Jia, 2014), Eq. (3) cannot describe

accurately the relationship between gas- and particle-phases polybrominated diphenyl ethers

(PBDES)PBDBEs. It is evident that Eq. (3) can be applied only in a few cases, such as for less
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brominated PBDE congeners (such as BDEs-17 and -28) or at high temperatures, and
becomes inaccurate in most cases, especially for highly brominated PBDE congeners, such as
BDE-66, -85, -99, -100, -153, -154, and -183, or at low temperatures (Yang et al., 2013; Li
and Jia, 2014). This has been blamed by the artifacts and nonequilibrium factors (Finizio et
al., 1997; Cetin and Odabasi, 2007; Tian et al., 2011; Su et al., 2006).

Based on a large dataset of more than 700 pairs of air samples in both gaseeus-gas- and
particulate-particle-phases with a wide ambient temperature range of 60 °C from -22 to +38
°C obtained from our Chinese POPs Soil and Air Monitoring Program, Phase 2
(China-SAMP-I1), we investigated G/P partitioning behavior of PBDEs in Chinese air (Yang
et al., 2013; Li and Jia, 2014). We derived for the first time empirical equations to predict the
values of slopes and intercepts for both Koa-based and P -based models as functions of
temperature, and thus predicted partition quotient (Kp) without assuming an equilibrium
status and free of artifacts (Li and Jia, 2014). The slope mo and the intercept bo were given as
functions of temperature (in °C),

mo(t) = 0.011t + 0.263 4)

bo(t) = -(0.135t + 5.006) (5)
The temperature t in Equatien-Eqgs. (4) and (5) are-is usually a mean value of temperature for
a series of sampling events, such as annual or monthly mean temperature at each sampling
site. After the values of mpand bo are calculated using Eguation-Eqgs. (4) and (5), we can use
Egquation-Eq. (2) to calculate the values of logKp. Since this method can be used to predict the
values of logKp, we use Kpp (the second “P” in the subscript Kpp indicates “Prediction’)
instead of Kpg in Eguation-Eq. (2), and rewrite them as

logKpp = mo(t) logKopa + bo(t) (6)
where mo(t) and bo(t) are given by Equations. (4) and (5), respectively.

It is noteworthy that logKpp in Eguatien-Eq. (6) depends on two parameters, temperature t
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and Koa, which is also a function of temperature, and given by an empirical equation (Harner
and Shoeib, 2002)
logKoa = A+B/(t+273.15) @)
where t (in °C) is the temperature for each sampling event, and the parameters A and B are
given in Table S1 in the Supplement for several PBDE congeners. It should be borne in mind
that temperature t in Equatiens. (4) and (5) can be also the temperature for each sampling
event, and thus using Egquatien-Eq. (7), we can express logKep in Equation (6) as a function of
a single independent variable of logKoa as (Li and Jia, 2014)
logKpp (Koa)=0.011B(logKoa—12.27)/(logKoa—A)-2.74logKoa+31.85 (8)

These two eguatiens-Eqgs. (6) and (8) have been successfully applied to predict the values
of Kp for PBDEs as functions of logKoa in air of China and other countries in the north
temperate zone and also at an Arctic site in East Greenland (Li and Jia, 2014), and our results
matched the monitoring data well at background, rural, urban, and suburban sites, but not at
e-waste sites due to the unpredictable PBDE emissions at these sites, and the results indicated
that our new equations have a better performance than Eguation-Eq. (3) in describing G/P
partitioning behavior of PBDEs in air as functions of logKoa. We also found for the first time
that the G/P partitioning of PBDE congeners can reach a maximum value if the ambient
temperature is low enough. A criterion to classify the equilibrium and nonequilibrium status
for PBDESs was also established using logKoa (Li and Jia, 2014).

These equations, however, suffer from two drawbacks. First, these equations derived at the
temperature range from -22 to +38 °C, thus cannot be used at temperatures beyond this range;
secondly, these equations were obtained empirically, and do not have a strong theoretical
foundation. Therefore, in this paper, we study the G/P partitioning behavior of PBDEs in
global air in a theoretical way. The objectives of this study is-are to establish a partitioning

model between gaseous and particulate phases for PBDEs, which can reveal the real
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partitioning mechanism of PBDEs between these two phases and to predict the partition
quotients defined in Eguation—Eqg. (1) accurately for PBDEs in air, thus to achieve a
capability to address a series of G/P partitioning issues for these chemicals, such as those

presented previously (Yang et al., 2013; Li and Jia, 2014).

2 Theory

2.1 Equilibrium state and steady state

To develop a new model in simulating G/P partitioning behavior, we need to understand the
equilibrium state and steady state for SVOCs in environment. The steady state is a state in
which no change occurs with time, or all time derivatives are equal to zero. “Equilibrium
implies that phases have concentrations such that they experience no tendency for net
transfer of mass” (Mackay 2001). These two terms have been frequently mistaken with each
other. In his book (Mackay 2001), Mackay gave examples to explain the difference between
these two states, indicating a chemical is in equilibrium between two media (phases) as long
as its fugacities in the two media (phases) are equal no mater the system is steady or
unsteady.

We also noticed that, although equilibrium is actually an ideal event since such a system
cannot exist in real environment; this state has been successfully applied in some cases.
Good examples are to treat air-water exchange for gaseous pesticide

a-hexachlorocyclohexane (a-HCH) (Jantunen and Bidleman, 1996; 1997; Li et al. 2004) and

air-soil exchange for gaseous_—ppolychlorinated biphenylseltychlorinated-biphenyls (PCBs)
(Li et al. 2010). In these two examples, the factors {such—as—wet-dissolution—ef-gaseous

e-HCH-—and-PCBs)-other than the diffusion due to random molecular movement were

negligible, and the systems can be treated as equilibrium, thus the net flux of

gaseous a-HCH between air and water, and gaseous PCBs between air and soil are zero. We
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realized, however, that the exchange of SVOCs between the gaseous-gas- and partictlate
particle-phases is different since the advection processes, such as dry and wet depositions,
caused by an external force (gravity) on the particles, cannot be ignored in studying the
partitioning behavior of SVOCs between these two phases. Therefore, we suggest that the

steady state, not equilibrium state, should be applied here.
2.2 G/P partitioning model under steady state

2.2.1 Basic equation
A model to describe G/P partitioning under steady state for PBDEs is

Nep = Np.g+ Nps )
where Ng.p is flux of PBDEs from gas phase to particle phase, Np_g is flux of PBDEs from
particle phase to gas phase, and Np.s the net flux of particle-bound PBDEs between air and
earth surface, such as water body or surface soil. For the sake of simplicity, we only consider
dry and wet depositions in Np.s, which is given by (Mackay 2001)

Np.s = fp(Dp + Dw) (10)
where fp is fugacity of particle in air, given by Eq. (S1) in the Supplement with subscript
“I” being “P”, and Dp is D value of dry deposition of particle-phase PBDEs described by
(Mackay 2001)

Dp = UpVpAZp (11)
where Up is dry deposition velocity, a typical value being 10 m/h, A is the area between air
and earth (water or soil), and Zpis Z value of aerosol, given by Eguation-Eq. (S3) in the
Supplement, and vp is the volume fraction of aerosol, given by

vp = 10°TSP/p (12)
where TSP is the concentration of total suspended particles in air (ug-m?) and p is the
density of the particle (kg -m™).

Dw is D value of wet deposition given by (Mackay 2001)
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Dw = UrQVpAZp (13)
where Ug is rain rate, a typical value being 0.5 (m #year?). Q is a scavenging ratio
representing the volume of air efficiently scavenged by rain of its particle content, per unit
volume of rain. A typical value for Q of 200,000 may be used. Substituting the above 2
Equations in Eq. (10) leads to

Np.s = fp (Up+URrQ) VpAZp (14)
2.2.2 Gas/particle exchange of PBDEs
One of the most important issues for investigating the G/P partitioning behavior is the
exchange of PBDE between air and particles. We treat each particle as a ball with a mean
diameter of d, a volume of v=nd®/6, surface area a=nd’®, and a mass m=pv, where p is the
density of the particle. The number of particles in 1 m® of air, n = TSP/m. In air with volume
of Ah (h is the height of atmosphere), the total area of the particles is

Ap = 6TSP(g./m®) X A(m?)h(m)/(p(g_m>)d(m)) (15)
Assuming p = 1.5x10° g /m=, d = 1.0><10" m (Rissler et al. 2006), h = 1.0<10% m, the above

equation becomes
Ap =0.04AXTSP (16)
To be simplified, we treat the particles as a film, called the particle film, with a thickness of

d0.1-pm, a surface area of Ap-=0-04AXTSP-m? as shown in Fig. S1 in the Supplement. The

ratio between Ap and A is
Rp=Ap/A=0.04 TSP (17)
which is a linear function of TSP.
In order to study the movement of SVOCs-in-air between air and particles, we adapted the
method used for the air-soil interface introduced by Mackay (2001). For diffusion, the
two-resistance approach is used, and the overall D values is given by

1/DV:1/ DE +l/(D/_\ +DH) (18)

10
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where Deg is air boundary layer D value, Da and Dy are diffusion D values of chemical in air
and water sub-phases in particle film, respectively. De is deduced as the product of the
surface area of the particle film, Ap (m?), a mass transfer coefficient ky (m #h?), and the Z
value of air Zg, given by:

De=Ap kvZg (19)
Here,

kv=Ba/la (20)
where B, is the chemical's molecular diffusivity in air (0.018 m? /h** was assumed), and I, is
an air boundary layer thickness (0.00475 m was assumed) (Mackay 2001).

In comparison to the soil surface in air-soil exchange, the particle-film that we suggested
in our model keeps moving within the atmosphere and thus has much more chances to
intersect with the chemical in gas phase. Therefore, the mass transfer coefficient will be
larger than that given by Egquatien-Eq. (20), and accordingly, a parameterfitting-censtant C is
introduced in Eqg. (20), leading to

kv=CB./l, (21)

Thus the term CB, is the chemical's molecular diffusivity for the particle film in air, and

itsThe value ef-C-will be determined later.

Since most of the SVOCs (including PBDES) are associated with the organic matter of the
particles, again for the sake of simplicity, the 2 terms, Da and Dy, in Eq. (18) are neglected,
which becomes

Dy=De=ArkvZg (22)

The flux of PBDESs from gas phase to particle phase, Ng.p, becomes

Ng.p = fo De (23)
and the flux from particle phase to gas phase, Np.g, is

Np_G = fPDE (24)
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If the term Np.s is dropped from Eq. (9), i.e., the net flux of particutate-particle-bound

PBDEs between air and surface is neglected, we will have
Ne-r = Npg (25)
From Egs. (23) and (24), the fugacities of a chemical in gas_-phase (fg) and in particle
-phase (fp) are equal, and thus the steady state becomes equilibrium. Therefore, it is concluded
that equilibrium is just a special case of steady state when Np_s is ignored.

2.3 G/P equations under steady state

2.3.1 G/P partition coefficient under steady state
We use Egs. (10), (23), and (24) into Eq. (9), leading to
fo(De + Dp + Dw) = fc De (26)
By using Equatiens. (S6) and (S7) in the Supplement, the above equation leads to
Cy'ICc=(ZplZG)(De ! (De+ Dp + Dw))=Kpg (1/[1+ (Dp + Dw)/ D)
where C'» (pg/m® of particle) and Cg (pg/m® of air) are concentrations of SVOCs in
partictlate—particle- and gaseeus-—phases, respectively, and Kpg is dimensionless
gastparticleG/P partition coefficient under equilibrium (= Zp/Zg). Setting a parameter o as
a=1/[1+(Dp + Dw)/ Dg] 7)
and the above equation becomes
C'h/Ce= aKpg (at steady state) (28)
By using Equatiens. (S10) and (S11), C', and Kpg are replaced by C, and Kpg, respectively,
Eq. (28) becomes
(Cp /TSP) / Cg = o Kpe (29)
Defining a_G/P partition coefficient under steady state,
Kps=(Cp/ TSP) / Cq (at steady state) (30)
where Cg and Cp are concentrations of PBDES in gas- and particle-phases (both in pg m™ of

air), respectively, at steady state, and the subscript “S” in Kps indicates steady state. Although
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Eguation-Eqg. (30) seems the same as Egquatien-Eq. (1) (for Kp) and Eguatien-Eqg. (S8) (for
Kpe), they are different since Equation-Eq. (30) is defined under steady state, Equatien-Eq.

(S8) is under equilibrium, and Equatien-Eq. (1) was defined at neither steady nor equilibrium
state. Thus Equatien-Eq. (29) becomes
logKps = logKpe + loga (31)
In the above equation, logKpe is designated the equilibrium term, given by Eguation-Eq.
(3), and loge is the nonequilibrium term. Therefore, we have two predicted partition
coefficients: partition coefficient Kps under steady state when the system is at steady state, or
partition coefficient Kpe under equilibrium when the system is at equilibrium. Eguatien-Eq.
(31) indicates that the equilibrium is just a special case of the steady state when loga = 0.

2.3.2 Nonequilibrium term loga

In Equation-Eq. (27), setting

G=C (Dp + Dw)/De (32)
Equation-Eq. (27) becomes
a=1/(1+GIC) (33a)
or
loga = -log (1 + G/C) (33b)

Substituting Equatiens-Eqgs. (11), (13) and (19) in Equatien-Eg. (32), which leads after some

manipulations,
G =2.09 x10™*° fomKoa (34)
Thus, as Kpg, loge is also a function of fop and Koa.
2.4 loga as functions of logKoaand temperature
Fig. S2 in the Supplement depicts variation of log« as functions of logKoa and temperature t

with C=5. As shown in Fig. S2A, the function of loga versus logKoa is a curve shared by all
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PBDE congeners, showing that when logKoa < ~10.4, loga = 0, the state is equilibrium.

Different-fromIn contrast with —the function of loga versus logKoa, the functions of loga

versus t are different for different PBDE congeners, as shown in Fig. S2B in the Supplement.
This figure explains why light PBDE congeners, such as BDE-17 and -28, can reach
equilibrium state much more easily than high-heavy PBDE congeners. It is obvious from Fig.
S2B that the curves of BDE-17 and -28 deviate significantly from zero at a low temperature
(~ -10°C), indicating that the values of loga are equal or close to O at a wide range of
environmental temperature (t > -10°C). For highly brominated congeners, BDE-153 for example,
the values of loga deviates significantly from zero even when t < +40°C, causing the
equilibrium state at a much narrower ambient temperature range for this chemical (t > +40°C)

than BDE-17 and -28.
2.5 Threshold values of logKoaand temperature

Since all the equations to calculate the parameter Kpg and Kps link only the PBDE parameter
logKoa, it may be advantageous to explore partitioning behavior according to logKoa, rather
than individual PBDE congeners or homolog groups. Under this consideration, we drew
logKps - logKoa and logKee - logKoa graphs, for all PBDE congeners/homologues at an
environmental temperature range of -50 to +50 °C, as shown in Fig. 1. The straight line (thick
blue) for logKpe and the curve (red) for logKps can be used for all PBDE
congeners/homologues as long as their ranges of logKoa are known. Of course, it should be
mentioned that the different PBDE congeners have different ranges of logKoa at the same
temperature span, thus are represented by different portions of the curves in the Figure-Fig. 1,
accordingly showing different G/P partitioning behaviors.
There are three cases for G in Eq. (33b).
(1) G<<C (Dp + Dw << Dg)

In this case, Eq. (33b) becomes
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loga=-log (1+G/C)=0 (35)
which is equilibrium state.
(2) G=C (Dp + Dw =Dg)
In this case, Eq. (33b) becomes
loger = -log 2 (36)
If we assume that fom = 0.1 and C = 5, then we have the first threshold value from Eqgs. (33b)
and (34),
logKoa1=11.4 (37)
which is very close to the threshold value of logKoa = 11.5 suggested by Li and Jia (2014). The
physical meaning of logKoaz is, at this threshold, the data of logKps deviates from logKepe by
an amount of log 2.
(3) G>>C (Dp + Dy >>Dg)
In this case, Eq. (33b) becomes
loga = -log (G/C) = log C - log Kpg - 2.23 (38)
thus logKps in Eq. (31) reaches its maximum value,
logKpsm =-1.53  or Kpsm =0.03 (39)
when G>>C. This is very close to the maximum value of -1.5 suggested by Li and Jia (2014).
The maximum value of logKps is clearly shown in Fig. 1 (the thin blue horizontal line), and
we define the second threshold value as
logKoaz = 12.5 (40)
As shown in Fig. 1, the first threshold value of logKoa divides the whole range of logKoa
into equilibrium (EQ) and nonequlibrium demains—(NE)_domains. The second threshold
indicates the start of the maximum partition-dematnr (MP)_domain, in which the values of
logKps reach a maximum value of logKpsy, which is independent of the values of fom and

Koa.
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In brief, as shown in Fig. 1, the curve of logKps, originally coinciding with the straight line
of logKpg, increases along with increase of logKoa, and separates visibly (by a mount of log2)
from the straight line of logKpe at the first threshold value of logKpai, entering the NE
domain from the EQ domain. After the second threshold value of logKpa2, the curve of
logKps enters the MP domain and becomes a horizontal straight line of logKps = -1.53.

The values of logKoa depend on each PBDE congener and the ambient temperature

{Harner-and-Sheeib; 2002}, as discussed previously (Harner and Shoeib, 2002). Accordingly,

we defined two threshold values for temperature, the threshold temperatures try; and tryp,

which are the temperatures when logKoa of PBDE congeners equals to the threshold values
logKoa1 and logKoaz, respectively. As presented in Fig. 2, while the threshold values of
logKoa1 and logKoa2 are constants for all congeners, the threshold values for try; and try; are
different for different PBDE congeners. These two threshold temperature values divided the
temperature space also into the same 3 domains; the EQ domain when t > ty1, the NE domain
when t < tyy; =t>+t142, and the MP domain when t <ty,. Taking BDE-47 as an example, with
its ttyy = +11°C and tryo = -6 °C, BDE-47 is in EQ domain when t > +11°C; in NE domain
when t <+11°C=+>-6°C; and in MP domain att < -6 °C.

2.6 Particle phase fraction

Another important parameter, the fraction of chemical on the particle phase, ¢(=
Cpl(C+Cp)), can be calculated from Kp as
[ gox = Kpx TSP / (1+ Kpx TSP) (41)
where the subscript “PX” can be one of “PS”, “PE”, and “PR” . Thus the maximum value of
particle phase fraction can be obtained from Egs. (39) and (41) as
drsm = 0.03 TSP / (1+ 0.03 TSP) (42)
which indicates that, while the maximum partition coefficient logKpsy Is a constant for all

PBDE congeners, it’s corresponding maximum value of particle phase fraction is not, but
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depends on TSP. The variation of gsm as a function of TSP is depicted in Fig. S3 in the

Supplement.

3. Application of the equations

3.1 G/P partitioning of PBDESs in Chinese Air from China-SAMP-I1

In the previous section, we derived an eguation-Eqg. (31) to predict the values of partition
coefficient under steady state Kps. In this subsection, we used these equations to predict Kp
for air samples collected at 15 sites across China under our PBDE monitoring program,
China-SAMP-II (Yang et al., 2013, Li and Jia, 2014), and the results will be compared with
the predicted values of partition coefficient under equilibrium state Kpg, obtained using
Egquation-Eq. (3); and the values of partition quotient, Kpg, obtained using Eguation-Eq. (2)
with the help of Kpy, calculated from Eguation-Eq. (1) using the monitoring data Cp and Cg.
Among the three modeled values (Kps, Kpg, and Kpgr), Kpr values are the ones most close to
the values of Kpy since logKpr values are obtained directly from logKpy by least squares
regression against logKoa, and the accuracy of the equations of Kps and Kpe depends on how
their results close to those given by Kpg.

Figs. S4 and S5 in the Supplement depict the variations of logKps, l0gKpg, and logKpgr as
functions of logKoa for the 15 sampling sites and 10 PBDE congeners, respectively, both
showing the curve of logKps is closer to the regression line of logKpgr than logKpe. It is
worthwhile to point out that, for the best match between the results of logKps and logKpr for
PBDEs, C = 5 was used in Eqg. (5) to calculate logKps in air at all the sampling sites with an
exception of the site of Waliguan, where C = 50 was used. The reason why much higher value
of C was used at this site will be explained later. Fig. S5 also shows that, from the light
PBDE congeners to the heavy ones, the ranges of logKoa for each PBDE congeners (at

temperature range of -22 °C — +38 °C) move from left to right, from smaller than logKoa; for
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BDE-17 to larger than logKoa: for BDE-183, or the states that these congeners reside in
change from EQ domain to the NE domain, and finally reach the MP domain.

The 10 regression lines (logKpgr) for the 10 PBDE congeners shown in Fig. S5 are all
presented in Fig. S6 in the Supplement along with the curves of logKpe and logKps, indicating
evidently that these 10 lines of logKpr change their slopes mgp along the curve of logKps, not
the straight line of logKpg, and accordingly, the curve of logKps matches the monitored G/P
partitioning data very well for all the 10 PBDE congeners in Chinese air.

We understand that, modelers are most interested in Kp values as a function of temperature
for each PBDE congener. Fig. S7 in the Supplement presents variations of logKps, 10gKpg,
and logKpr as functions of temperature for the 10 PBDE congeners, indicating that, the curve
of logKps matches the line of logKpr for each PBDE congener, the highly brominated
congeners in particular, dramatically well. It is interesting to note that the two threshold
temperatures, try; and tryp, designed by two vertical dashed lines, increase from the less
brominated to highly brominated PBDEs. For example, the value of try; of BDE-17 equals to
-16.5 °C, meaning that this compound is in the EQ domain in the most ambient temperature
range of >-16.5 °C, while for BDE-183, ty;;=36.5 °C and ty,=15 °C, meaning that this
compound is in the EQ domain only when t>36.5 °C, in the NE domain when 15.0-°C<t<36.5
°C, and in the MP domain when t<15.0 °C. We also calculated the modeled values of logKps
for 5 typical PBDE congeners as functions of temperature from -50 to +50 °C, and the results
are given in Fig. S8 in the Supplement, showing that, along with decrease of temperature, the
values of logKps for PBDE congeners increase to a maximum partition value; the more highly
brominated the congener is, the higher is its value of the first threshold temperature (ttn1, data
are not shown) and the second threshold temperature (try2), and thus the higher temperatures
at which the congener reaches the NE and MP domains.

As shown in Fig. 1, the partitioning behavior of PBDEs depends on ambient temperature
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of sampling events. There are three squares presented in Fig. 1 indicating the three regions
with different temperature ranges, 0 °G— +50 °C (the orange one), -30 — +30 °C (the green
one), and -50 — 0 °C (the blue one). Here, we take the two sampling sites from
China-SAMP-II (Yang et al., 2013; Li and Jia, 2014), one is Harbin in the northeast of China,
with a sampling temperature range of -22 — +28 °C, within the green square, and the other is
Guangzhou in the south of China, with a range of +8 — +38 °C, within the orange square, as
examples to show how the threshold values can be used in study the G/P partitioning
behavior of PBDEs.

We determined the ranges of logKoa for the 10 PBDEs at the site of Harbin (vertical bars)
based on the ambient temperature range of -22 — +28 °C at the site, and the results are
presented in Fig. 3. The two threshold values of logKoa, 10gKoa1 and logKoaz (the horizontal
light blue dashed lines), divide the space of logKoa (the left axis) into three domains, the EQ,
the NE, and the MP domains, and accordingly, the 10 PBDEs in Harbin air can be segregated
into 3 groups; BDE-17 and 28 (3-Br homologue) as equilibrium EQ-group, BDE-47 and 66
(4-Br homologue) as semiequilibrium SE-group, and others (>4-Br homologues) as
nonequilibrium NE-group. The dominant portions of logKoa for the EQ-group (purple lines)
are under the line of logKoa1, i.e., these congeners are mainly in the EQ domain, while the
dominant or whole portions of the NE-group (blue lines) are above the line of log Koai,
indicating that these congeners are in the NE and the MP domains. The SE-group (green lines)
is in both the EQ and the NE domains. It is noteworthy that, the major portions of log Koa for
the PBDE congeners in the NE-group were in the MP domain. These three domains can also
be identified in the temperature space. In Fig. 3, the two threshold temperatures, try; (the red
diamonds) and tr, (the red square), are also shown (the right axis), which is similar to Fig. 2.
In the real ambient temperature range, formed by the two red dashed lines (-22 °C and +28 °C)

at the Harbin site, the major temperature portions of PBBEe-PBDEs in the EQ-group were in
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the EQ domain (t<try), those of the NE-group in the NE and-the MP domains (t>try;), and
those of the SE-group in both the beth-EQ and the-NE domains.

Fig. 4 presents the logKp - logKoa graph for the 10 PBDEs in Harbin, which is almost
identical to the one contained in the green square of Fig. 1. The ranges of logKoa for the three
groups and their corresponding logKp - logKoa diagram are also shown. For example, the
logKp - logKoa diagram for the EQ-group (3-Br homologue), bound by the 2 purple dashed
lines, is mainly in the EQ domain, with a small portion in the NE domain; the logKp - logKoa
diagram for the SE group (4-Br homologue), contained by 2 green dashed lines, is mainly in
the NE domain, with a small portion in the MP domain; and the logKp - logKoa diagram for
the NE-group (>4-Br homologue), formed by the 2 blue dashed lines, is mainly in the NE and
the-MP domains.

Similar analysis was carried out for the 10 PBDEs at the site of Guangzhou at an ambient
temperature range of +8-°C—— +38 °C at the site (Yang et al., 2013), and the results are
presented in Figs. S9 and S10 in the Supplement. The 10 PBDEs at Guangzhou air can also
be segregated into 3 groups, BDE-17, -28, and -47 as EQ-group, BDE-66, 99, and 100 as
SE-group, and the others, BDE-85, -99, -100, and -183 as NE-group, which are quite
different from those for the-site-ef-Harbin, caused by the different ambient temperature ranges
at the two sites.

We concluded fer-that the PBDESs in Chinese air at 15 sampling sites across China were in
the steady state instead of equilibrium state, in realizing that, for less brominated PBDE
congeners, BDE-17 and -28, this steady state can be treated as equilibrium state since their
nonequilibrium term (loga) can be ignored in comparison to the equilibrium term (logKepg) in

the temperature range of -22 °C to +38 °C (see Fig. S2B).
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3.2 G/P partitioning of PBDES in air from other sources

There are only a few data available in the literature that we can compare to our prediction
data.

We predicted the partitioning behavior of gaseous and particle-bound PBDEs in the
atmosphere at an e-waste site and a rural site in southern China during 2007-2008 using the
information given by Tian et al. (2011). We calculated the values of logKps, logKpg, and
logKpr as functions of logKoa, and the results are presented in Fig. S11. It is noticeable that
our predicted results are obviously better than those obtained by the equilibrium model at the
rural site, but not at the e-waste site, where the data from equilibrium model matched the
monitoring data better than those predicted using our equation. This seemed unexpected but
could possibly be explained by the fact that the emissions of PBDEs from the e-waste site
compensated the flux of PBDEs due to dry and wet deposition, leading a situation that
seemed to be at equilibrium. We cannot, however, accept the point of view that the PBDEs in
air at the rural area cannot reach equilibrium, but those in air at the e-waste sites can.

The G/P partitioning behavior was studied for 7 PBDEs (BDE-28, -47, -99, -100, -153,
-154 and -209) at four sites (1 suburban, 2 urban, and 1 industrial) in Izmir, Turkey, in
summer and winter in 2004-2005 with a temperature range of 1.8 °C— 22.4 °C (Cetin and
Odabasi, 2007) . We calculated the particle phase PBDEs fractions ¢es and ¢pg, using Eq. (41)
and compared them with the monitoring data, and the results are depicted in Fig. S12. It was
noted by the authors that their monitoring data were much lower than the predicted values by
the equilibrium equation (¢re) (Cetin and Odabasi, 2007), but it is obvious that their results
matched our predicted data (¢s) very well, among which, the best agreement was observed
for BDE-209, the most highly brominated congener of PBDEs.

We calculated the G/P partition coefficients for PBDEs in atmosphere of Kyoto, Japan,

which were measured in August 2000, and January and September 2001 (Hayakawa et al.,
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2004), and the variations of logKpe and logKps as functions of logKoa are presented in Fig.
S13, indicating obviously that the values of logKps was in a better agreement with the
monitoring data than logKpe.

Air samples were collected from 1 urban, 2 rural, and 1 remote sites near the Great Lakes
in 1997-1999 as part of the Integrated Atmospheric Deposition Network (IADN), among
which, those taken when the ambient atmospheric temperatures were 20 =3 <T were
analyzed for the G/P partitioning behavior of PBDEs, and the log-log relation of Kp and their
subcooled liquid vapor pressures (P.) for BDE-47, -99, -100, -153, and -154 were calculated
(Strandberg et al. 2001). By using these data, we calculated both logKp and ¢ as functions of
logKoa for the same 5 PBDE congeners, using the values of foy = 0.2 and TSP = 25 pg m™
suggested by Harner and Shoeib (2002), which are presented in Fig. S14, along with the
predicted results under equilibrium state and steady state. Again the results indicated that the
prediction by our new equation is more accurate than those by the equilibrium equation.

3.3 G/P partitioning of PBDES in the Arctic air

As discussed in the previous sections, each PBDE congener will reach the maximum partition
domain when logKoa > logKoaz or t < tth,. The value of tty, of BDE-183 is 15 °C, meaning
that BDE-183 in air will be in MP domain when t < 15°C. The value of tr, for BDE-209
should be higher (logKoa=14.98 for BDE-209 was estimated at 25 °C by Cetin and Odabasi
(2007) in comparison to logKoa=11.97 for BDE-183 at the same temperature). Accordingly,
BDE-209 in the-arctic air should be in the MP domain, with a constant of logKpsym (= -1.53)
and the corresponding ¢rsm (=0.23 if TSP = 10 pg m™ is assumed). This prediction was
remarkably in agreement with monitoring data for BDE-209 measured in arctic air at Alert,
Canada from 2007 to 2009 with a temperature range between 10 and -50 °C (NCP 2013),
lower than the value of try, for BDE-209 (see Fig. 5). The comparisons between the

predicted values and the monitoring data at Alert for other values of TSP (= 5 and 2 ug m™)
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given in Fig. S15 also showed great consistence. It should be stressed from the figure that the
values of logKpe of BDE-209 are from 3.06 at 10 °C to 8.36 at -50 °C calculated by Eq. (3),
which means that the values of Kpe are from more than 5 orders at 10 °C to 10 orders at -50
°C of magnitude higher than the monitoring data, a huge error that cannot be tolerated. The
corresponding values of ¢ are 1, indicating that BDE-209 are all in particle phase in the
Arctic air predicted by the equilibrium equation, which was not the case given by the
monitoring data. In other words, the maximum value 0.23 of ¢psipsyv indicates that, from our
prediction, more than half BDE-209 (~0.77) is in gas phase in the-Aarctic air, which was
confirmed by the monitoring data shown in Fig. 5.

We also studied the G/P partition for the 10 PBDEs (BDE=-28, =47, —-66, =-85, =99,
=-100, =-153, =-154, =183, and =-209) in the Arctic atmosphere in East Greenland Sea in
August and September 2009 with a temperature range between -0.5°C and +6.5 °C (Mdler et
al., 2011). We calculated the values of logKps, logKpg, and logKegr as functions of logKoa,
and the results are shown in Fig. S16. Once again, the equation of logKps had a better
performance than the equation of logKpg, especially for those congeners in the NE domain

with logKoa > logKoas.

4. Conclusions and Discussions

4.1 G/P partitioning of PBDEs in global air

Figure At a Glance in the Supplement presents G/P partition coefficients of PBDEs (logKps
and logKpg) as functions of logKoa at ambient temperature ranging from -50 °G-to +50 °C,
which can be applied at any sites worldwide (the top middle panel, similar to Fig. 1). The
three squares in the panel designate the logKp-logKoa graphs with three different temperature
ranges: 0°C — +50 °C, -30 °c— +30 °C, and -50 °G— 0 °C, representing the tropical and
subtropical climate zones, warm temperate climate zone, and boreal and tundra climate zones,
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respectively. Monitoring data (logKpy), their regression data (logKeg), and the predicted
results logKps and logKpe in the three different temperature zones are presented in the figure;
the site Guangzhou, China, within the subtropical climate zone, shown in the top-left panel,
the site Harbin, China, within the warm temperate climate zone, shown in the bottom panel,
and in the site Alert, Canada, within tundra climate zone, shown in the top-right panel, all
introduced in the previous sections. The data at these three sampling sites all indicated that
the curve of our new equation (logKps) are superior to the equilibrium equation (logKpg) in
G/P prediction of partitioning behavior for PBDEs in global air, at the sites in warm

temperate, boreal, and tundra climate zones.
4.2 Equilibrium state vs steady state

Harner and Bidleman (1998) developed in 1998 the eguation-Eq. (3), which can predict
for the first time the partition coefficients of selected SVOCs in air under the condition of
equilibrium between gas- and particle-phases. Four years later, Harner and Shoeib (2002)
used this equation to predict the partitioning behavior for 11 PBDE congeners at 25 °C and 0
°C, the results of which, along with the results from our new equation under steady state, are
given in Fig. S17 in the Supplement. As shown in the figure, the equilibrium eguatien-Eq. (3)
predicted that, at 0 °C, the particle fraction of PBDE congeners can reach as high as ~1,
which means that PBDE congeners can completely sorbed to the particles. According to our
new eguation-Eq. (31) under steady state, however, the maximum particle fraction of PBDE
congeners was about 0.42 when logKoa > logKoaz2, Which was less than half of the highest
values predicted by Egquatien-Eq. (3). In other words, we predict that the maximum particle
fraction of PBDE congeners in air cannot be more than 50% under steady state if TSP < 30
ug/m?® (See Fig. S3 in the Supplement). In order to support their prediction results, Harner

and Shoeib (2002) used the monitoring data of gaseous and particttate-particle-bound PBDES

in the Great Lakes air at 2023 <C (Strandberg et al. 2001). However, as demonstrated in Fig.
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S14, the prediction by our new equation is much accurate than those by the equilibrium
equation. This suggests that PBDEs in the Great Lakes atmosphere were in the steady state,
not in the equilibrium state.

In brief, we cannot treat the gas- and particle-phases as a closed system for studying
gas/particleG/P partitioning behavior of PBDEs, since the third compartment, the surface of
the earth has to be considered. If the nonequilibrium term, loga, in Eguatien-Eq. (31) cannot
be ignored, then the fugacities of PBDES in gas- and particle-phases are not equal, indicating
that the system is not at equilibrium but at steady state. For some tew-less brominated PBDES
(such as BDE-17 and -28) at certain temperature, the values of loga is small enough in
comparison to the value of logKpe in Eg. (31), which is considered as a small perturbation,

the system can be considered as equilibrium.
4.3 The maximum partition coefficient

In our previous study (Li and Jia, 2014), we predicted for the first time by an empirical
approach the existence of a maximum partition coefficient that every PBDE congener can
reach, and was wrongly termed as “saturation state”. This prediction was confirmed in this
study by a theoretical approach. As shown in Fig. 1, the logarithm of the maximum partition
coefficient logKpswm is equal to -1.53 (or Kpsm = 0.03) when logKoa > logKoaz (=12.5 for all
PBDE congeners), or equally when the ambient temperature is smaller than or equal to tryp,
which is from -34.5 °C for BDE-17 to 15 °C for BDE-183, and cannot increase linearly along
with increase of logKoa as predicted by the straight line of logKpe. The difference of
prediction data between these two equations can be very great. For example, as shown in Fig.
1, the difference can reach as high as ~5.5 order of magnitude when logKoa = 17. Obviously,
the state in the MP domain is a steady state, but not an equilibrium state since the fugacities
of PBDEs in gas- and particle-phases are not equal.

The best example is the case for BDE-209 in the Canadian arctie-Arctic site Alert predicted

25



597

598

599

600

601

602

603

604

605

606

607

608

609

610

611

612

613

614

615

616

617

618

619

620

621

by our new steady equation discussed previously (Fig. 5). In fact, this is true for any PBDE
congener, not for BDE-209 only. As shown in Fig. 1, the blue square with a temperature
range of -50 °C— 0°C could most likely be the situation for the Arctic atmosphere. Fig. 2
shows that, for the 7 PBDE congeners (BDE-66, -85, -99, -100, 153, -154, and -183), tr2> 0
°C. Thus we predict that, as the G/P partitioning behavior is considered, these 7 PBDE
congeners do not behave differently in the Arctic air, and are all have the same partition
coefficient, logKpsm = -1.53. Unfortunately, there are no data for the PBDE congeners other

than BDE-209 available for confirmation of this prediction in the Arctic air.
4.4 Comparison to the empirical equations

The two empirical eguatiens-Eqs. (6) and (8) have been successfully applied to predict the
values of Kp for PBDEs in air of China and other countries in the north temperate zone and
also at an Arctic site in East Greenland (Li and Jia, 2014). The steadyequatienEq. (31) for
logKps derived in this study is superior to these empirical equations logKpp and logKpp (Koa)
in two ways. First, the steady-state eguation-Eq. (31) was derived theoretically, and secondly,
this steady-steady-state equation can be used at any ambient temperature, from equator to
polar regions, while the empirical equations can only be used at a temperature range of -22 °C
to +38 °C.

Comparison between steady—steady-state equation—Eqg. (31) for logKes and empirical

equations logKpp given by Eq. (6) and logKep (Koa) given by Eq. (8) in Harbin air at a

temperature range of -22 to +28 °C are presented in Fig. 6, and the equilibrium equation

logKpe, given by Eq. (3), is also included for comparison. It is evident from Fig. 6 that, the
straight line logKpp deviates apparently from the straight line logKee at logKoa = logKoaz,
and increases linearly with logKoa. Different lines of logKep (Koa) for different PBDE
congeners are able to predict the G/P partitioning behavior of PBDE more accurately than the

straight line logKpp. It is interesting to note that, the different lines of logKpp (Koa) for
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different PBDE congeners change their trends along with the single line of steady
steady-state equation logKps, which is the best equation that can be used to predict the G/P
partitioning behawvieurbehavior for all PBDE eompeunds—congeners and at all ranges of

ambient temperature.
4.5 The limitation of applications

In order to derive Eq. (31), several assumptions were made, which include that, the G/P
partitioning reached steady state, the annual rainfall was 0.5 m yr, fom = 0.1, C = 5, and
some others. This equation, however, has been able-te-be-successfully applied in all situations
that we discussed in this study, in which some of the assumptions were not satisfied. We
should be aware, however, that the situations in which some abnormal conditions exist, such
as heavy wind, heavy rains, or the sampling sites close to e-waste or PBDE manufactures,
should be best treated separately. For example, as described in the previous section, the
constant C should be changed from 5 to 50 in Eq. (5) for Site Waliguan. The reason why
much higher value of C was used at this site is possibly due to the high wind speed there. At
Waliguan, where annual average wind speed reaches 4.6 m/s, and the northwest wind with
speed > 10 m/s being quite often in the winter and spring seasons

(http://gaw.empa.ch/gawsis/reports.asp?StationlD=12), much higher than the other sites; and

the air sampler was installed at the top of the mountain (see Supplementary Fig. S18),
suffering from the highest wind speed without any blocks in the area, causing the higher
value of C than those at the other 14 sites. An analytic equation may exist to relate the
parameter C and the wind speed (and possibly other factors too), but this equation is not
available at present and planned for a-future study. The case for the Chinese e-waste site is
also worth to mention. Our equation cannot be used at the e-waste sites and most likely at the
PBDE manufacturers as well since the emissions of PBDEs at these sites could be too large

and also variable with time so that the steady state cannot be reached or maintained
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It should be borne in mind that the steady state discussed here is still an idealized scenario

since only dry and wet depositions were discussed in the study, other factors, such as

humidity and artifacts, will also play roles to a certain extent to affect the G/P partitioning.As

anticipated, results obtained from this study do not perfectly fit monitoring data. However,

this study revealed the major internal factors governing the gas-particle partitioning processes
for PBDEs, and explicated how these processes can be more correctly treated as being in
steady state rather than in equilibrium state. At least, the steady-steady-state model, not the
equilibrium-state model, should be applied to analyze the gas-particle relationship of SVOCs,

such as PBDEs. Further study for other SVOCs, like PCBs and PAHSs, is on the way.

The Supplement related to this article is available online at
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Figure captions

Figure 1. Variation of logKpe and logKps as functions of logKoa with a temperature range of

-50°C — +50 °C. Two threshold values of logKoa (IogKoa: and logKoaz) are also shown,
which divide the space of logKopa into three domains: the equilibrium (EQ), the
nonequilibrium (NE), and the maximum partition (MP) domains. The three squares
designate the logKp-logKoa graphs with three different temperature ranges: 0 °C— +50
°C, -30°Cc— +30 °C, an -50°C— 0 °C, representing the tropical and subtropical climate

zones, warm temperate climate zone, and boreal and tundra climate zones, respectively.

Figure 2. The first and second threshold temperatures, tty1 and try, for 10 PBDE congeners,

which divide the temperature space into the same 3 domains (EQ, NE, and MP).

Figure 3. The range of logKoa (the left axis) and the threshold temperatures (the right axis)

for 10 PBDE congeners in Harbin air at a temperature range of -22 to +28 °C. The
ranges of logKoa for the 10 PBDE congeners are given by the vertical bars. The 2
horizontal light blue dashed lines give the 2 threshold values of logKoa: and logKoaz,
and the red diamonds and red squares present respectively the two corresponding
threshold temperatures, try; and tryz. The former divides the space of logKoa (the left
axis) and the later divides the temperature space (the right axis) into three domains: the
EQ domain, the NE domain, and the MP domain. Thus the PBDE congeners
(homologues) in Harbin air can be segregated into 3 groups; BDE-17 and -28 (3-Br
homologue) as equilibrium EQ-group, BDE-47 and -66 (4-Br homologue) as
semiequilibrium SE-group, and others (>4-Br homologues) as nonequilibrium

NE-group.

Figure 4. The logKp - logKoa diagram for the 10 PBDE congeners in Harbin air at a

temperature range of -22 to +28 °C. The EQ Group includes BDE-17 and -28, the SE

Group contains BDE-47 and -66, and the rests belong to NQ Group. The range of
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logKoa for each group and their corresponding logKp - logKoa diagram are also shown.
The logKp - logKoa diagram for the EQ Group, boned by 2 purple dashed lines, is
mainly in the EQ domain, with a small portion in NE domain; the logKp - logKoa
diagram for the SE Group, contained by 2 green dashed lines, is mainly in the NE
domain, with a small portion in MP domain; and the logKp - logKoa diagram for the NE

Group, formed by the 2 blue dashed lines, is mainly in the NE and MP domains.

Figure 5. The temporal trends of concentrations of BDE-209 in the Arctic air in gas + particle

phase (blue line) and in particle phase (green line) at Alert, Canada from 2007 to 2009
(NCP 2013). The purple triangles and red diamonds are the values of ¢and logKp of
BDE-209, respectively, calculated using the concentration data, and match well the
values of ¢gpsw (=0.23) and logKpsm (-1.53), respectively (TSP = 10 pg m™ was

assumed).

Figure 6. Variation of logKps (the thick red line, given by Eq. (31)), logKee (the thick dark

green line, given by Eq. (3)), and logKpp (the thick pink line, given by Eqg. (6)) as
functions of logKoa. The functions of logKep (Koa) (the thin lines, given by Eq. (8))
vesus logKoa for the 10 PBDE congeners in Harbin air at a temperature range of -22 to

+28 °C are also included.

36



842

843

844

845
846 ‘
847
848
849
850 ‘
851

852

853

Figures

|
4 "EQ Domain I NE I MP Domain
> — 50 —0°C)
> |logKpe =log Ko,_.:+logf0" 11.91
1 |
| —30°C)

O ' o=po°T)

\

logKpg & logKps

8 9 10 11 12 13 14 15 16 17 18 19
logKoa

Figure 1. Variation of logKpe and logKps as functions of logKoa with a temperature range of
-50 °C— +50 °C. Two threshold values of logKoa (IogKoa: and logKoa2) are also shown,
which divide the space of logKoa into three domains: the equilibrium (EQ), the
nonequilibrium (NE), and the maximum partition (MP) domains. The three squares designate
the logKp-logKoa graphs with three different temperature ranges: 0 — +50 °C, -30— +30 °C,
an -50 — 0_°C, representing the tropical and subtropical climate zones, warm temperate

climate zone, and boreal and tundra climate zones, respectively.
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Figure 2. The first and second threshold temperatures, try1 and try, for 10 PBDE congeners,

which divide the temperature space into the same 3 domains (EQ, NE, and MP).
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861  Figure 3. The range of logKoa (the left axis) and the threshold temperatures (the right axis)
862 | for 10 PBDE congeners in Harbin air at a temperature range of -22 °G-to +28 °C. The ranges
863  of logKoa for the 10 PBDE congeners are given by the vertical bars. The 2 horizontal light
864  blue dashed lines give the 2 threshold values of logKoa1 and logKoa2, and the red diamonds
865 and red squares present respectively the two corresponding threshold temperatures, try; and
866  try2. The former divides the space of logKoa (the left axis) and the later divides the
867  temperature space (the right axis) into three domains: the EQ domain, the NE domain, and
868 | the MP domain. —Thus the PBDE congeners (homologues) in Harbin air can be segregated
869 | into 3 groups; BDE-17 and -28 (3-Br homologue) as equilibrium EQ-group, BDE-47 and -66
870  (4-Br homologue) as semiequilibrium SE-group, and others (>4-Br homologues) as
871  nonequilibrium NE-group.
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Figure 4. The logKe - logKoa diagram for the 10 PBDE congeners in Harbin air at a
temperature range of -22 to +28 °C. The EQ Group includes BDE-17 and -28, the SE Group
contains BDE-47 and -66, and the rests belong to NE Group. The range of logKoa for each
group and their corresponding logKp - logKoa diagram are also shown. The logKp - logKoa
diagram for the EQ Group, boned by 2 purple dashed lines, is mainly in the EQ domain, with
a small portion in NE domain; the logKp - logKoa diagram for the SE Group, contained by 2
green dashed lines, is mainly in the NE domain, with a small portion in MP domain; and the
logKp - logKoa diagram for the NE Group, formed by the 2 blue dashed lines, is mainly in the

NE and MP domains.

40



889

890

891

892

893

894

895

896

897

898

0.5 0.5

Ln(C+Cp)
Ln(C
0.0 N o (Cp)
’ logK pm
A g /__—\— 04
o -0.5
v \/
(@]
o AT
o -10 A N 03 S
@) 8 A
€ . logKe 238300 @ psy=0.23
. _AH = it 55 e e i e =
% A7CO OO0
QO/A*_\ A 00000000 A5 0.2
'2.0 AA AA AN
A
25 e 1 g
AANMSOON0O O AN ANMNSTLONOODOTANANNTIDONVIO N
ERRNRRRRN Y9 P PR R BRBRR I TIPS HHP PG > S T
OOOO0COOCOCONMNMNNOOOOO0OO0O0OO0OWOVVOOOOOOOOO0HOD
[elelo]lololololololololololololololololololololololololololololololololoe]
ANANANANANANNOOOOAANANANANANNNOOOANANANANANANANNOOO
ANANN ANANAN ANANAN
Year/Month

Figure 5. The temporal trends of concentrations of BDE-209 in the Arctic air in gas + particle
phase (blue line) and in particle phase (green line) at Alert, Canada from 2007 to 2009 (NCP
2013). The purple triangles and red diamonds are the values of ¢ and logKp of BDE-209,
respectively, calculated using the concentration data, and match well the values of ¢gsm

(=0.23) and logKpsm (-1.53), respectively (TSP = 10 pg m™ was assumed).
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901  Figure 6. Variation of logKps (the thick red line, given by Eq. (31)), logKpe (the thick dark
902  green line, given by Eq. (3)), and logKpep (the thick pink line, given by Eq. (6)) as functions of
903  logKopa. The functions of logKep (Koa) (the thin lines, given by Eq. (8)) versus logKoa for 10
904 | PBDE congeners in Harbin air at a temperature range of -22 to +28 °C are also included.

905
906
907

908

42



