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ses in air has been the subject of numerous studies

INTRODUCTION (Finizio et al., 1997; Gustafson and Dickhut, 1997;

Baek and Choi, 1998; Harner and Bidleman, 1998).

Partitioning of PAHs between gas and particle pha- Yamasaki er al. (1982) first suggested a temperature

* To whom correspondence should be addressed. dependence of the partition equilibrium coefficient
Tel: 02-880-8522, E-mail: leeds @snu.ac.kr (log Kp =log (Cg/(Cp/TSP)) = m/T +b, Kp: gas-par-
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ticle partition equilibrium coefficient, Cg: gas phase
concentration, Cp: particle phase concentration, TSP:
total suspended particulates, m and b: slope and inte-
reept). Two assumptions were critical to the derivat-
ion of the temperature dependence: 1) the adsorption
sites are homogeneous regardless of the particle size
and origin and 2) the total sorption area available is
proportional to TSP. Extensive review and theoreti-
cal attachment have followed (Dickhut, 1997; Baek
and Choi, 1998; Gustafson and Harner and Bidleman,
1998; Simcik et al., 1998) for the suggested tempera-
ture dependence. Little attention, however, has been
paid to the potential limitation that the two assumpt-
ions might have for adequate description of the field
observation of the temperature dependence. It has be-
en reported that the sorption characteristics of PAHs
vary with particle size and characteristics because of
their different physicochemical properties, thereby
changing the partitioning of PAHs between gas and
particle (Allen et al., 1996; Mader et al., 1997) Parti-
cularly, concentrations of PAHs in the particulate ph-
ase varied with the particle size (Schnell ef al., 1995;
Allen et al., 1996; Baek and Perry, 1996; Kaupp and
McLachlan, 1999). However, quantitative analysis of
the particle size effects has remained limited.

The principal objective of the present study was
therefore to evaluate the two assumptions by taking
advantage of the YS phenomenon. YS refers to the
occasions where TSP drastically increases typicaily
in April and May by the particles long~range transp-
orted from China. The phenomenon can also signific-
antly alter the size distribution of particulates in air
for a few days (Chung and Park, 1998), thereby, pro-
viding a unique opportunity to investigate the effects
of significant variation in both the size distribution
and sorption characteristics of the particulates on the
partitioning equilibrium in the field conditions

EXPERIMENTAL METHODS

Sample collection

All the samples were collected on the roof of the
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engineering building at Ewha Women’s University,
Seoul, Korea, in the year 2000. The sampling site
represents a typical metropolitan area with numerous
anthropogenic PAH sources such as automobiles and
commercial and residential buildings. Sampling was
conducted by using a high volume sampler equipped
with a six—stage cascade impactor (SA236, Anders-
en, USA, cut-off diameters of 0.41 um, 0.73 pm, 1.4
pm, 2.1 um, 4.2 um, and 10.2 um) and a cartridge
serially loaded with two pieces of polyurethane foam
(PUF) (9 cm X 5 cm, Kimoto, Japan). The air was tak-
en at a constant rate of 560 L/min during the samp-
ling. To minimize the temperature variation, the sam-
pling was maintained during either daytime or night.
The temperature and relative humidity were measu-
red every three minutes and logged into a data logger
(HOBO-RH, StowAway XTI, USA).

Materials and analysis

The solvents used were pesticide grade dichloro-

Table 1. Target and qualifier ions in the GC/MSD analysis

Target Qualifier

Abbreviation PAHs 5
ion ion
Naphthalene-d8 136.0
NAP Naphthalene 128.1 127.2
ACE Acenaphthylene 152.2 151.1
Acenaphthene-d10 164.2
ACT Acenaphthene 153.2 154.2
FLN Fluorene 166.2 165.2
Phenanthrene-d10 188.2
PHE Phenanthrene 178.2 176.1
ANT Anthracene 178.2 176.1
FL Fluoranthene 202.2 200.2
rene—d10
EgC —Internal) 2122
PY Pyrene 202.2 200.2
BaA Benzo (a)anthracene 228.2 226.2
Chrysene-d12 240.3
CHR Chrysene 228.2 226.2
BbF Benzo (b)fluopranthene 252.2 2532
BkF Benzo (k)fluoranthene 252.2 253.2
BaP Benzo (a)pyrene 252.2 253.2
Perylene-d12 264.3
IcdP Indeno(1,2,3~cd)pyrene  276.2 138.2
DahA Dibenzo (a, h)anthracene  278.3 279.3
BghiP Benzo (g, h, i)perylene 276.2 127.2




September 2002 Lee and Ahn: 97|15 1248} 7|9} §A o] @ulebSelslpa g 314HE9

methane (DCM) (Caledon, Canada) and pentane of
99.99% purity (Caledon, Canada). All glass wares
were cleaned with detergent, sonicated, and rinsed
three times with deionized water, and finally heated
at 450°C over 4 hours.

The samples were preserved at —25°C till the anal-
ysis. The National Oceanic and Atmospheric Admin-
istration (NOAA) method (NOAA, 1993) was used
for the PAH analysis. Briefly, each sample was soxh-
let-extracted with DCM (200 mL for particle sampl-
es and 600 mL for each PUF) for 24 hours. The extr-
act was concentrated to 1 mL and cleaned up with a
silica-alumina column using a DCM and pentane
mixture (1 : 1 v/v). The extract after clean-up was
concentrated to 0.5 mL for the instrumental analysis
with gas chromatograph/mass selective detector (GC/
MSD) (Hewlette Packard 6890/5973, USA). In Table
1 listed the 16 PAHs and deuterated surrogate and
internal standards. Recoveries of all the samples an-
alyzed were in the ranges of 40% to 120%, which
met the quality controt (QC) limits.

RESULTS AND DISCUSSION

The weather conditions and the particle size distri-
bution are summarized in Table 2. The cutoff diame-
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ter is defined as the value at 50% collection efficien-
cy for spherical particles with unity mass density at
25°C and 760 mmHg at an air flow rate of 560 L/min.

The particle size distribution was typical of bimod-
al distribution for both daytime and night as shown in
Fig. 1. At night, the relative humidity was higher but
temperature was lower than at daytime. Partitioning
to particles of hydrophobic substances decreases with
relative humidity and temperature (Pankow et al.,
1993; Sanusi er al., 1999). The conditions at night of
higher relative humidity and lower temperature could
act in opposite directions for the partition equilibri-
um. In the present study, however, the relative hum-
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Fig. 1. Particle size distribution (Error bar denotes a stand-
ard deviation).

Table 2. Weather conditions and particle mass concentrations as captured by impactor stages (unit: pg/m? for TSP and Sti)

Sample Temp Relative

ID? CC) humidity (%) TSP St7b St6 St5 Std4 St3 St2 Stl
0406D¢ 11.1 28.0 278 589 41.1 24.2 339 36.1 450 392
0406N° 6.3 39.2 30 45.0 41.0 413 45.0 39.8 489 432
0423D 13.5 36.2 20 100.7 10.0 6.5 13.8 215 40.5 159
0423N 9.1 64.2 99 399 44 13 7.7 124 243 9.3
0508D 20.8 352 195 81.5 154 127 16.2 17.4 21.8 302
0508N 17.1 60.2 94 237 12.5 9.0 8.6 109 19.2 10.2
0601D 23.8 53.8 136 60.0 14.1 114 39 6.8 27.7 12.1
0601N 204 65.7 163 68.0 20.9 15.2 9.0 132 18.9 17.9
0621D 29.7 48.6 159 66.9 13.7 10.2 10.2 9.9 31.0 17.2
0621N 25.8 527 170 62.7 357 213 114 12.2 18.2 8.5

2D and N denote daytime and night, respectively.

bSti denotes the mass concentration of the particles collected in the cascade impactor stage i with the following cut~off diameter:
Stl: Dp>10.2um, S12: 4.2 pm < Dp<10.2 um, S13: 2.1 ym<Dp<4.2um, St4: 1.4pum <Dp<2.1pm, $t5: 0.73um<Dp< 1.4 pm,

St6: 0.41 um < Dp<0.73 um, St7: Dp< 0.41 pm
< Samples taken when “Yellow Sand” occurred.
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Fig. 2. Mass fraction of particulates in each stage (YSi: yel-
low sand, No YS avg: average of observations with
no yellow sand, error bars denote one standard devi-
ation).
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Fig. 3. The PAH levels in (a) gas phase, (b) particulate pha-
se, and (c) their fractions in the particulate phase in
air.
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idity (28 ~66%) was in such a range that might not
significantly influence the partition equilibrium (Ma-
der and Pankow, 2000). Therefore, the temperature
effect is deemed more pronounced at night.

TSP was significantly higher (278 pug/m’ and 304
ug/m3) during the YS period as compared to an aver-
age of 153 pg/m® for the YS absent periods. As sho-
wn in Fig. 2, the fractions of mass concentration of
each stage significantly varied when YS occurred.
The fraction of the finest particulates, St7, was nota-
bly lower while those of St3, St4, and St5 appeared
higher.

The PAH levels in the gas and the particle phases
are shown in Fig. 3a and 3b, respectively. The levels
were typical of urban areas (Cotham and Bidleman,
1995; Smith and Harrison, 1996; Colman er al., 1997,
Caricchia er al., 1999). As shown in Fig. 3c, only a
few PAHs partitioned between the two phases to the
extents suitable for the partitioning study. Furthermo-
re, the PAHSs lighter than phenanthrene were exclud-
ed in the present study as the analysis of the back—up
PUF indicated occurrences of break -through. Conse-
quently, only four PAHs including phenanthrene, an-
thracene, fluoranthene, and pyrene were selected for
the equilibrium study.

In Fig. 4, the impact of YS is shown on the relatio-
nship between the log Kp and 1/T. Linear relationsh-
ips appeared to hold for all the four PAHs only if the
YS cases are excluded. The YS data significantly de-
viate from the linear fits, indicating that the partition-
ing to the particulates did not vary in proportion to
the variations in TSP (ug/m?) introduced by YS. Ob-
viously, such observations strongly suggest that the
Yamasaki approach simply on the basis of TSP has
limited applicability. The values of Kp would be gre-
ater at the same temperature for YS than those estim-
ated in the absence of YS. The greater Kp values are
a result of less sorption capacity of the particulates
and are consistent with the fact that particulates of
YS is of primarily natural origin. Two questions were
raised from the observation. First, the sorption chara-
cteristics of the active sites might vary significantly
depending upon the particle size and/or origin. Seco-
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Fig. 4. Comparison of the PAH partition equilibria for the cases in the absence of (No YS avg).

Table 3. Linear regression parameters for the temperature dependence of PAHs

191

Stage 7 6 5 4 3 2 1
slope 4226 9887 10852 6660 6682 341 4400
PHE y—intercept 18.2 371 40.2 26.2 26.6 15.6 19.1
2 0.91 0.95 0.999 0.95 0.96 0.9 0.98
slope 4007 9857 9625 7100 5234 * *
ANT y-intercept 17.1 36.8 36 275 213 * *
2 0.9 0.97 0.917 0.92 12 * *
slope 4825 9443 10441 4033 2843 3131 3875
FLR® y—intercept 19.3 34.7 38 16.4 12.7 14 16.6
r? 0.97 0.95 0.981 0.6 0.55 0.92 0.57
slope 4795 9040 10109 3849 2686 3224 4273
PY y—intercept 19.1 33.2 36.8 15.6 12.1 14.2 17.5
r? 0.98 0.95 0.975 0.57 0.51 0.76 12

The numbers of data used for the regression for PHE, ANT, FLR, and PY were 4, 4, 5, and 5, respectively.
2Only two data points were used.
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3 0.06 T tration per unit mass of the particulate, i.e., sorbing
ER 05 mysl capability, significantly varied with the particle size
_g 8_’3: | even in the absence of YS. If the sorption characteri-
% 0.02 } stics were homogeneous at all sizes, the higher sorb-
g 001 ing capability would be associated with the finer par-
S 0 ticulates. The sorbing capabilities, however, were not
7 6 3 4 3 2 ! a monotonous function of the particle size as their
% 0.0035 magnitudes were consistently in the order of St5>
Eﬁ o3| ancene St6> Std > St7> St3>St2~ Stl for the four PAHs.
§ 0002 Furthermore, the St7 particulates were consistently
g 0608(1)? [ higher for YS than for the no YS cases in their sorb-
S 00005 ing capability for all the four PAHs. Although greater
3 concentrations were generally observed in the finer
7 6 3 4 3 2 ! particulates, no consistent pattern across the PAHs
5 008 was observed with the particle size of YS. Therefore,
§ 006 | fluoranthene it was likely that not only the size but the sorbing na-
= 7 tures of the particulates affect the partitioning. The
é 0.04 non-uniform partition equilibrium was further sho-
§ 0.02 | wn by its temperature dependence that varied with
é 0 the particle size. As summarized in Table 3, the slope
7 6 5 4 3 5 1 and the y—-intercept of the plot of log Kp vs. 1/T cha-
nged with the particle size. Therefore, it is clear that
E g:g; — BYSI the altered partition equilibrium for YS resulted from
ER ’ oys2 the combined effects of particulates with different so-
g 0.04 ONo YS ave rbing natures and the particle size distribution.

§ ?).(()); I The significance of the particle size distribution
g 0:01 could be examined by introducing hypothetical varia-
© 0 tions in the size distribution pattern and the resulting

7 6 5 4 3 2 1
Stage number

Fig. 5. PAH concentrations in the particulate phase (YSi:
yellow sand, No YS avg: average of observations
with no YS).

nd, even under the assumption that the sorption char-
acteristics are uniform in all active sites, the value of
Kp could still depend on the particle size distribution
because the number of active sites per unit mass of
the particles would be a function of the particle size.
Therefore, the Kp derived from the basis of TSP val-
ues might lead to oversimplification.

As shown in Fig. 5, the average PAH mass concen-

change in the slope of the plot of log Kp with 1/T. To

estimate the change in the Kp value, following relati-

onships were used.

(1) 2CP; = Cp (ng/m?) where Cp; is the concentration
of PAH in the particle phase of stage i.

(2) 2 TSP; = TSP (ug/m3) where TSP; is the concen-
tration of suspended particles of stage i.

(3) Cg+Cp = Cr where Cg is the gas-phase PAH
concentration and Cr is the total PAH concentra-
tion in the air.

(4) Kpi = Cg/(Cpi/St;) where Kp; and St; are the equi-
librium partition coefficient and mass concentra-
tion of the particles, respectively, of stage i.

(5) Log Kpi = —my/T+-b; where m; is the slope and b;
is y intercept of stage i, respectively, and T is
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Table 4. Change in overall Kp value at different temperatures with a change of +one standard deviation in particulate mass

at each stage (unit: %)
St7 St6 St5 St4 St3 St2 Stl
282.1K +22 £16.0 £22.5 +£0.9 +22 +5.2 £3.0
286.5K +14 +13.0 +15.7 +03 +1.8 +4.8 +28
290.1K +0.7 + 95 +104 +0.3 14 +44 +2.6
293.8K 02 + 57 + 58 +0.9 +0.8 +3.8 +24
296.8K +0.2 + 30 + 29 14 +03 +33 +22
298.8K +03 + 14 + 14 +1.7 +0.0 +3.0 +2.1
‘ A Under the assumption that the partition characteris-
> . o o dmbuon e tics of the particles remain unchanged, the sensitivity
3
g of Kp to the change in the particle size distribution
2 was estimated by varying the mass fraction of partic-
= s les of each stage by *one standard deviation from
. its average value. As shown in Table 4, the change in
os overall Kp value was more sensitive to the change in
2o »oonss 000 oons oo 000355 wme  the mass fraction of stages 5 and 6 at the lower temp-

VT (1K)

Fig. 6. Effects of particle size distribution and sorbing na-
ture (No YS avg: average of the observations with
no yellow sand; YS: yellow sand cases).

temperature in K.
From (4) and (5),
(6) Cpi = 10™/T-5) x St; X Cg = A; X Cg where A; de-
notes 100m/T-b) x Sg;.
Plugging (6) into (1),
(7) 2AixCg=Cp
Plugging (7) into (3) gives,
(8) (EA+1)xCg=Cr
A; and Cr are determined from field measure-
ments, all other parameter values can be estimated.
Fluoranthene was chosen for the analysis as its Kp
showed the most consistent temperature dependence
and existing data were available to be compared with
Baek and Choi (1998), Yamasiki et al. (1982), and
Keller and Bidleman (1984). The value of A; was cal-
culated by using the fluoranthene concentration in
each stage and temperature data. Cr was assumed to
be 3 ng/m?, which approximated the average of the
observed ones.

eratures. This is anticipated because the sorbing cap-
acity was greater with the particulates of stages 5 and
6 as previously shown in Fig. 5. As temperature ris-
es, the temperature effect becomes less sensitive pro-
bably because adsorption decreases with temperat-
ure. During the YS period, variations greater than one
standard deviation were observed at stages 3, 4, S
and 7 (Fig. 5) and the ambient temperature (5~ 15°C)
was in the range that can influence the Kp value.
Therefore, the changes in the particle size distribut-
ion of YS would affect the temperature dependence
of Kp for YS. The line in Fig. 6 illustrates a hypothe-
tical impact to the temperature dependence by the
observed variation in particle size distribution of YS
if YS is assumed to have the same sorbing nature as
that of no YS cases. As the line indicates, the Kp
value should have decreased by more than a factor of
few as compared to that of no YS cases if only the
particle size distribution had impacted. This indicates
that the particle size distribution could have signific-
ant influence on the partition equilibrium. Contrarily,
however, the observed Kp increased for YS, suggest-
ing that the size distribution alone could not account
for the observed temperature dependence and influ-
ence of different sorbing nature should also exist for
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YS. In the present study, the impact of sorbing nature
exceeded the effect of the particle size distribution to
result in significant increases in Kp values.

CONCLUSION

It was observed in the field conditions that the
Yamasaki-type temperature dependence of partition
equilibrium was of limited applicability. In the prese-
nce of the YS particulates of different sorbing nature
and of different size distribution, linear relationships
between log Kp and 1/T, which have frequently rep-
orted in other studies, do not hold for all the four
PAHs investigated in this study. Given certain partit-
ion characteristics of particulates, it was shown that a
change in the particle size distribution could have a
significant effect on the overall partition equilibrium
particularly at low temperature. Also, the sorbing
characteristics of the particulates appear to impact
significantly the temperature dependence of the parti-
tion equilibrium. Therefore, the two assumptions, 1)
adsorption sites are homogeneous regardless of the
particle size and origin and 2) the total available sor-
bent area is proportional to TSP, now widely accept-
ed in describing the temperature dependence of Kp,
could be inadequate for predicting the partitioning in
widely varying environmental conditions of particle
size and characteristics such as the YS cases and
should carefully be applied within limited field cond-

itions.
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