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Soil—air partitioning is one of the key processes controlling
the regional and global cycling and storage of polycyclic
aromatic hydrocarbons (PAHs). However, the specific
processes dominating the partitioning of PAHs between
these two environmental compartments still need to

be elucidated. Stable and distinct atmospheric conditions
paralleling different soil properties are found at Tenerife
island (28°18'N, 16°29"W), which is located in permanent
inversion layer conditions, and they provide interesting model
cases for the study of air—soil partitioning. Analysis of
phenanthrene, pyrene, fluoranthene, and chrysene showed
concentrations 4- to 10-fold higher below than above the
inversion layer. Similarly, soil total organic carbon (TOC) and
black carbon (BC) were 11 and 3 times higher, respectively,
below the inversion layer than above. The octanol—air
partition coefficient (Kos) derived model provides a good
description of PAH soil—air partitioning coefficients (Kp) below
the inversion layer but underpredicts them in the area
dominated by deposition of long-range transported aerosols
without inputs of organic matter from local vegetation.
Inclusion of soot carbon in the soil—air partitioning model
results in good agreement between predicted and
measured Kp in this area but in overpredicted Kp values
for the soils under the vegetation cover, which shows that
the influence of soil soot carbon on PAH air—soil
partitioning depends on its abundance relative to soil
organic carbon. Absorption into organic matter is the
dominant process in soils containing high organic carbon
concentrations, whereas adsorption onto soot carbon
becomes relevant in soils with low organic carbon and
high soot content.

Introduction

Soil is the primary terrestrial reservoir of persistent organic
pollutants (POPs) such as PAHs (1—7), and the atmosphere
is their main transport vector (8—11). Soil—air exchange is
therefore a key process governing the environmental fate of
these compounds on a regional and global scale. Air to soil
transport may occur through dry deposition of aerosols, wet
deposition, or sorption to soil constituents (12). Soil to air
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diffusion is driven by the chemical potential gradient between
the soil and the atmosphere. In most cases it is not clear
whether soil—air partitioning is dominated by adsorption
ontosoil surface or absorption into the bulk soil constituents
(13. Sorption is also dependent on temperature, relative
humidity (74), and other soil properties such as specific
surface area, particle diameter, and clay mineralogy (15).
Nevertheless, most studies have concluded that sorption to
soils is primarily controlled by partitioning into organic matter
(12—13, 16—17).

Atequilibrium, the POP soil—air partition coefficients (Kp)
for a wide range of persistent organic pollutants such as
polychlorinated biphenyls are predicted from the octanol—
air partition coefficients (Kox: 18— 19). However, these studies
have been focused in soils with high concentrations of organic
matter, and the predictive capability of this model is limited
for PAHs. The chemical and physical heterogeneity of soil
organic matter and soil constituents such as soot carbon are
likely additional structural parameters that influence POP
sorption (13, 15, 17, 20—21) but their significance is not
properly evaluated with the Koy model.

Soils contain different forms of carbonaceous materials.
Black carbon (BC), produced by the incomplete combustion
of fossil fuels and from vegetation fires, occurs ubiquitously.
It can account for about half of the total organic carbon in
certain soils (22—23). Structurally, BC may be essentially
differentiated between soot carbon (small particle size; SC)
and char/charcoal. The former originate during the con
densation of hot combustion gases involving free radical
reactions of acetylene species leading into PAH, macro PAH,
and SC. Conversely, charcoal originates from incomplete
combustion of plant tissues and diagenesis (24—25) and
always contains a core of unburned biomass material (with
cell structures frequently discernible).

During the past few years, the study of SC as a strong
sorption matrix has received increasing attention (22— 32).
Adsorption onto SC has been shown to affect significantly
the overall PAH sorption to sediments and aerosols (27—34)
but to date its role in the soil—air PAH partitioning has not
been considered. The influence ol other forms of condensed
organic carbon such as char/charcoal BC on air—soil
partitioning also remains to be investigated. The present study
is therefore devoted to assessing the sorption mechanisms
driving soil—air partitioning of PAHs through the evaluation
of soil—air partition models based on the octanol—air (Koa)
and soot—air partition coefficients (Ksy).

Experimental Section

Sampling. Soil samples were taken at different altitudes
between 10 and 3400 m above sea level (masl) on the northern
side of Tenerife Island (28°18'N, 16°29"W) which is situated
in the subtropical Atlantic ocean. Soils between 10 and 2500
masl were collected with a soil corer (Lancaster University),
whereas the upper soils (very stony) were sampled with a
small shovel and sifted through a 500-gm sieve.

Air samples were collected at Punta del Hidalgo (47 masl)
and lzana (2367 masl). Air volumes of 80 m® were collected
with a high-volume sampler (MCV 8. A., Collbato, Catalonia,
Spain) for a period of time ranging from 4 to 8 h. Aerosols
were collected on glass fiber filters (GFF, Whatman Inter-
national Ltd, Maidstone, England; 20.3 « 25.4 cm; 1.0 gm
pore size), and gas-phase PAHs were retained on two
polyurethane foam (PUF) plugs which had been previously
cleaned by Soxhlet extraction with n-hexane. Both soil and
PUFs were wrapped in aluminum foil, packed into heat
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sealed polyester bags (Kapak corporation, Minneapolis, MN)
and stored at 4 °C until analysis.

Extraction and Fractionation of PAHs in Seils. About 50
g of fresh soil was mixed with 25—50 g of anhydrous sodium
sulfate for water removal. The mixtures were introduced into
Whatman Soxhlet cellulose thimbles, spiked with dyo-benzo-
lalpyrene and diz-benzo|ghilperylene (Cambridge Isotope
Lab.), and extracted with hexane/dichloromethane (4:1) for
18 h. All extracts were first concentrated by rotary vacuum
evaporation to 3—5 mL and subsequently further dehydrated
by elution through sodium sulfate. After rotary vacuum
evaporation to ~0.5 mL, the extracts were [ractionated by
column chromatography using 2 g of neutral aluminum oxide.
PAHs were obtained by elution with 10 mL ol hexane/
dichloromethane (1:2). Subsequently, the eluate was hy-
drolyzed overnight with KOH in methanol to remove aliphatic
ester interferences. Neutral compounds were recovered with
n-hexane and fractionated again by adsorption chromatog-
raphy with aluminum oxide (2 g). After elution with hexane/
dichloromethane (1:2), the PAH fraction was concentrated
to 50ul inisooctane by rotary vacuum evaporation followed
by a gentle stream of purified N,.

Extraction and Fractionation of Gas-Phase PAHs. PUFs
were spiked with dyg-anthracene, dyg-benzolalpyrene, and
diz-benzo[ghil perylene immediately after sampling to check
for losses during transport and analysis. The two plugs were
Soxhlet extracted in n-hexane for 24 h. The extracts were
vacuum evaporated until 1 mL. Samples and blanks were
cleaned up by adsorption on 2 g of neutral aluminum oxide.
PAHs were obtained by elution with 7 mL of hexane/
dichloromethane (1:2). The collected fraction was vacuum
evaporated to 1 mL and then further concentrated to 50 ul.
under a gentle stream of nitrogen.

Instrumental Analysis. The internal standards tetrachlo
ronaphthalene and octachloronaphthalene (L. D. Ehren-
storfer) were added to the vials prior to injection. The samples
were injected into a gas chromatograph equipped with a
mass selective detector (Fisons 8000 Series, Mass Selective
Detector 800 Series). A fused silica capillary column (HP-5:
30 m long, 0.25 mm i.d, 0.25 gm film thickness) was used.
The oven temperature program started at 90 °C (1 min hold),
followed by a 4°/minrampup to 300°C (15 min hold). Injector
and detector temperatures were 280 and 350 °C, respectively.
Helium was used as carrier gas (3 mL/min). The molecular
weight mass fragments of the individual PAHs were used for
identification and quantification. Quantification was per-
formed by combination of the external standard (EPA, Mix
9, L. D. Ehrenstorfer) and retention index methods. Calibra-
tion curves (detector response vs amount injected) were
performed for each PAH. The range of linearity of the detector
was evaluated from the curves generated by representation
of detector signal/amount injected vs amount injected. All
measurements were performed in the ranges of linearity
found for each compound. The quantitative data were
corrected for surrogate recoveries.

Total Organic Content (TOC) and Black Carbon (BC).
TOC was measured by flash combustion at 1025 °C followed
by thermal conductivity detection in a CHNS elemental
analyzer EA1108 (detection limit 0.1%). BC was determined
by the chemothermal oxidation (CTO) method (24, 27)
(detection limit 4 gg of C). In the present paper BC refers to
the measurements with this CTO method, and SC refers to
soot carbon (as defined above) which in some cases may be
similar to the BC measurements.

Quality Controland Assurance. Field blanks were inserted
between the air samples for monitoring for possible con
tamination during transport and processing. They were
treated and analyzed as regular samples and constituted
about 30% of total samples analyzed. Fluoranthene and
pyrene concentrations in blanks were in the range of 0.2—
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6% of sample concentration, whereas blank phenanthrene
and chrysene + triphenylene concentrations were in the
range of 1.6—13% of sample concentrations. For each batch
ofsamples and blanks, sample concentrations were handled
after subtraction of blank levels. Average recoveries of dyo-
anthracene and do-pyrene for gas-phase PAH were 82 and
107%, respectively. Detection limits (determined as three
times the standard deviation of the chromatographic noise
near the PAH peaks) ranged between 0.025 pg/m*and 2 pg/
m® PUF breakthrough was determined by injection of a
mixture of phenanthrene, fluoranthene, pyrene, and chrysene
+ triphenylene into the first PUF plug before sampling.
Replication of this test on four occasions did not show any
traces of pyrene and chrysene + triphenylene in the second
PUF plug and the levels of phenanthrene and fluoranthene
were 7 and 6% of those in the first plug, respectively.

Negative bias in gas-phase determination may occur by
PAH adsorption to filters during sampling. A recent rigorous
examination of this sampling artifact showed that for suffi
cient sampling volume the measured gas-phase concentra
tions of the more volatile PAHs are close to the real values
(35). In the present study, the measured sample volumes
were 80 m® which corresponds to errors lower than 10% for
the gas-phase concentrations of the compounds of interest.

Analysis of procedural blanks was performed with each
set of nine soil samples to check for possible impurities.
Replicate analysis gave dispersions lower than 15% and detec-
tion limits between 2 and 8 pg/g for soil PAH concentrations.
Recoveries of dyg-benzo| al pyrene and dyz-benzo|ghil perylene
spiked in soils averaged 66 and 82%, respectively.

The CTO method has been thoroughly tested with a wide
range of potentially interfering substances and with ancillary
environmental data (24, 27). Although there may be limita-
tions in high-organic/low-BC matrices such as peat and
plankton, the method has been demonstrated to return
geochemically and isotopically consistent results for coastal
sediments and aerosol particles (24, 27, 36, 37).

Results and Discussion

Atmospheric Conditions. The volcanic mountain system in
the subtropical Atlantic Ocean is characterized by a yearly
stable temperature inversion that separates air masses of
lower altitude (0—1000 masl) from the free troposphere (above
1800 m). These atmospheric conditions result from the de-
scent branch of the Hadley cell at this latitude. On the north
ernside of Tenerife, the atmospheric inversion layer is further
enforced by a strong humidity inversion due to the influence
of awet northeastern air mass (trade winds). The combination
of these two factors leads to the formation of low stratus
clouds and the stabilization of two independent air masses
year-round. This atmospheric structure has led to the
formation of two different soil types. Entisoils predominate
above the inversion layer constituting practically not-
developed soils with low TOC and water content. Andisoils
are the dominant form below the inversion layer (38).

The present study is focused in these two well-defined
environments, below (0—800 masl) and above (more than
1800 masl) the inversion layer, because the atmospheric
conditions are more stable and better characterized at these
two altitude ranges.

Occurrence of Soil and Gas-Phase PAHs. The major gas
phase PAHs encompass naphthalene, fluorene, phenan-
threne, fluoranthene, and pyrene (39—40). Among these, the
present study is focused on the compounds currently found
in higher concentration in soils, e.g., phenanthrene, fluo-
ranthene, and pyrene. For comparison, chrysene + triphen-
ylene is also considered. Furthermore, Koy and Ks values for
these compounds are known (31, 41).
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TABLE 1. Mean and Range (in parentheses) Soil and Gas-Phase PAH Concentrations, Soil Total Organic Carbon (fio), and Soil
Black Carbon (fsc) Concentrations Below (BIL) and Above (AIL) the Atmospheric Inversion Layer

BIL (0800 masl) AIL (18003400 masl)
soil® (n = 12) gas phase® (n = 4) soil (n = 26) gas phase (n = 12)
sampling mean temperature (°C) 26 20 16 16
phenantrene (Phe) 0.81 (0.01-3.0) 980 (270-6000) 0.97 (0.03-6.8) 63 (35—150)
fluoranthene (Fla) 120 (0.03-1400) 830 (37-3600) 7.2 (0.17-130) 24 (2.9-25)
pyrene (Pyr) 10 (0.01-75) 350 (28-1400) 2.4 (0.10-23) 23 (1.4-21)
chrysene + triphenylene (C+T) 83 (0.05-1000) 54 (16-70) 24 (0.02-500) 16 (3.5-25)
fac (< 10° glg dw) 0.76 (0.19—2.4) 0.25 (0.06—0.91)
predicted £ (< 10% glg dw)¢ 0.03 (0.01-0.09) 0.01 (0.002-0.04)
froc (< 10% glg dw) 29(3.3-74) 2.6 (0.46-15)
faclfroc 0.03 (0.03-0.06) 0.10 (0.06-0.13)
? Results for PAHs are given in ng/g dry weight. ® Results for PAHs are given in pg/m®. © Assuming SC = 0.04 - BC (43).
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FIGURE 1. Correlation between BC concentrations and TOC in soils below (A) and above (B) Tenerife inversion layer.

Gas-phase PAH concentrations in the two vertically
stratified air masses of the island are higher below the
inversion layer (0—800 masl) than above it (1800—3400 masl).
Measurements at Punta del Hidalgo (below inversion
layer) encompass 351—11 070 pg/m® whereas at lzana
(above inversion layer) they range between 45 and 221
pg/m®. (Table 1). The concentrations of these compounds
within the inversion layer are similar to those encountered
in coastal atmospheres and high-altitude sites (31, 40) and
between 10 and 50 times lower than those found in urban
areas (31, 39).

The differences between the two Tenerife soils are also
reflected in PAH concentrations being higher below (0.1—
2474 ng/g dw) than above the atmospheric inversion layer
(0.3—660 ng/g dw) (Table 1). Soil PAH concentrations below
the inversion layer are similar to the concentrations en
countered in rural sites (41—42).

TOC and BC. TOC and BC concentrations, froc and fie,
respectively, are 10- to 3-fold higher, respectively, below the
atmospheric inversion layer than above (Table 1). At lower
altitudes there is higher variability and no significant
correlation between fioc and fie. Conversely, above the
inversion layer, fioc and fae show a positive significant
correlation explaining 80% of the observed variability (Figure
1). This difference is consistent with the two different soils
distributed vertically in the Teide Mountain.

The fac/ froc mean ratios of 0.03 and 0.10 are found below
and above the inversion layer, respectively. The latter are
close to those observed in aerosols of semi-rural areas (31,
37, 44) suggesting that deposition of aerosols may be a major
BC source above the inversion layer (45). Thus, in these soils,
BC may be predominantly SC. A correlation between fyc and
froc is also commonly observed in atmospheric aerosols (31,
44—46) giving further support to this interpretation.

Conversely, the fac/froc ratios below the inversion layer
are in agreement with those found in soils under vegetation
(0.01-0.07; 31, 37) involving higher humic material content,
and, to a lesser extent, higher char/charcoal BC. In any case,
the anthropogenic activity below the inversion layer also

generates SC, contributing to total BC. Fresh organic matter
is therefore expected to predominate below the inversion
layer and the measured BC values may contain a significant
fraction of charcoal besides the anthropogenic SC. Indeed,
there is no generally accepted analytical protocol and
terminology for BC determination in soils. Different optical,
chemical, and thermal methods are currently used. A recent
comparative study (37, 43) for soils showed that the values
measured had a wide range of variability, suggesting that the
BC concept depends to a certain extent on the determination
method.

Soil—Air Partitioning. The soil—air partition coefficient
Kp (L/kg) is given by

Kp = G/Cs 0]

where Cs is the individual PAH concentration in soil (pg/kg
soil dry-weight) and C; is the individual PAH concentration
in the gas phase (pg/L sampled air).

Sorption to Organic Matter. The octanol—air partition
coeflicients have recently been useful to predict Kp values
for a wide range of POPs (18— 19, 41, 47, 48). This model is
consistent with absorption into organic matter as the
dominant sorption mechanism. Kp values are predicted from
K. according to the following equation:

Kp = !;JM (Ct J(ZT/-E[)M)(Mmltl'l'/Mm)Mbt](f'l'] Kn}a {2}

where fou is the fraction of organic matter in the soil (g/g soil
dw), and Cocr and Com are the activity coefficients of the
individual PAH in octanol and soil organic matter, respec-
tively. MWocr and MWy are the molecular weights of octanol
(130 g/mol) and organic matter, respectively, and docr is the
octanol density (0.820 kg/L, 20 °C).

Prediction of K; values from eq 2 is limited by the lack of
knowledge on fowm, ocr, and MWon. Usually, the following
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FIGURE 2. Experimental and predicted log-transformed K; values for the soil samples collected above the inversion layer. Predicted K,
values have been estimated from TOC and eq 7 (applying SC = BC). X axis indicates altitude in meters above sea level (masl).
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FIGURE 3. Experimental and predicted log-transformed K, values for the soil samples collected below the inversion layer. Predicted K,
values have been estimated from TOC and eq 7 (applying SC = 0.04 BC). X axis indicates altitude in meters above sea level (masl).

assumptions are considered (31, 47): Then, Kp is given by
fon = 1.5 froc K, = 1.5 (froc/00ct) Ko (3)
(Cocr! Con) (MW / MW = 1 This absorption model has already been applied to pre-

dict K, values for PAH gas—particle partitioning (18, 31, 47).
Therefore, the K, absorption model requires knowledge of
where fioc is the fraction of total organic carbon (g/g dw). only two easily measurable parameters, Ko, and fioc. In the
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TABLE 2. PAH Physical—Chemical Parameters and Partition
Coefficients at 298K
Log Kon Log Kow® Log Ksw (Lkg)  Log Ksa' (Likg)
Phe 7.45% 4,57 6.22¢ 9.13
Fla 8.807 5.22 6.96° 10.58
Pyr 8.437 5.18 6.79¢ 10.23
C+T 10400 5.86 8.18¢ 12.27

“ Fromref (47). ¢ Estimated from Ko, = Ko./H . ¢ Fromref (49). “From
ref (29). ® From ref (32). ' Estimated from Kss = Kep/H'.

present study the Koa values reported elsewhere for phenan

threne, pyrene, and fluoranthene have been used (41),
whereas for chrysene, Kox was estimated from the octanol—
water partition coefficient (Kow) and the dimensionless
Henry's law constant (7). The influence of temperature on
Kox and H has been taken into account following the
procedure described elsewhere (31, 47—48).

Figures 2 and 3 show the measured and predicted K, values
from eq 3 for samples above and below the inversion layer,
respectively. Above the inversion layer, the measured Kp is
underpredicted by 1 order of magnitude. A paired ¢ test has
confirmed the significance of the differences between
predicted and measured Kp values (p < 0.05). Conversely,
below the inversion layer, predictions of Kp from Ko
significantly agree with the measured Kp values.

Soot Carbon Adsorption Model. The high PAH affinity for
SC insediments and aerosols has been demonstrated recently
(27—34). K, values can therefore be estimated by a soot-
inclusive gas—particle partitioning model (31)

Ky = 1.5 (froc/dacr) Koa+ e Ksa ()
where Ksy and fic are the soot—air partition coefficient (L
kg™") and the fraction of soot carbon in the soil (g SC/g dw),
respectively.

Because of the lack of experimental Ksy values, these are
estimated from the soot—water partition coefficient (Ksw, L

kg™') by

Ksp = Ksw/H ©)

Inthe present study, the Ksw values reported by Gustafsson
(29) and Jonker and Koelmans (32) are used.

On the other hand, there is uncertainty with the estimation
of fic from BC measurements for soils rich in organic matter
(24, 43), as the latter may include the contribution of different
forms of condensed carbon suchas SC and charcoal. Studies
involving thermal oxidation with demineralization and
hydrolysis for the specific measurement of 5C showed that
the ¢/ fge ratio in soils with high foc (0.025-0.070 g/g dw;
43) is fairly constant and about 0.04 in most cases. This
suggests that a tentative general assumption of a fsc/ fyc ratio
equal to 0.04 may be considered for these soil types. However,
this may not be true for soils with low froc concentrations
as those above the inversion layer. Recent work by Gustafsson

el al. (24) has shown that in low froc soils the chemothermal
oxidation method provides direct £¢ values. In this respect,
the linear correlation between fie and froc above the inversion
layer and the high fic/ fioe ratios in these soils suggest that
BC may be predominantly SC for these samples. In the present
study, the soot-inclusive model is tested under two different
potential scenarios: the first, that BC measurements are
representative of real SC concentrations (fc = fic), and,
second, that fc is only 4% of fic (fic = 0.04 fao).

The Kpvalues predicted with the SC model outlined in eq
4 are shown in Figures 2 and 3. Above the inversion layer,
the soot-inclusive model using the measured BC concentra
tions predicts the measured Kp values within a factor of 3
(see Table 3) and differences between measured and
predicted Kpare not significant for most PAHs. This provides
evidence that adsorption onto soil soot carbon controls the
soil—air partitioning of PAHs above the atmospheric inversion
layer. However, predictions of Kp using the estimated SC
concentrations from SC/BC = 0.04 underpredict the mea
sured Kp values. Therefore, for the soils above the inversion
layer with low TOC concentrations, the measured BC
concentrations are representative of the real soot carbon
content. Conversely, below the inversion layer, the soot-
inclusive model using the BC concentrations does not
improve the model predictions — on the contrary, it
overpredicts the measured Kp values. However, in this case,
the use of estimated SC (SC/BC =0.04) also provides accurate
predictions, even though in this case it has virtually no
influence on the predicted Kp because of the low SC
concentrations. Therefore, below the inversion layer, the high
concentration of organic carbon dominates the soil—air
partitioning of PAHs. Another reason for the apparent lack
of influence of SC in rich soils may be that the high
concentrations of fresh organic matter may hinder the soot
carbon fraction which may not be available to gas-phase
PAHs.

Dominant Soil—Air Partitioning Mechanism. As dis-
cussed above, the dominant mechanism of PAH soil—air
partitioning depends on soil characteristics. Having in mind
the assumptions reported above for molecular mass of
organic matter and activity coefficients in octanol and organic
matter, the ratio fcKsadocr/ fomKoa has been proposed to
determine the dominant gas-particle partitioning (31).
Absorption into organic matter is the dominant sorption
mechanism when foc is more than 2 orders of magnitude
higher than fic. Indeed, this is the case of the soils located
at low altitudes of Tenerife Island (see Table 1).

Therefore, below the atmospheric inversion layer, the high
concentrations of soil organic carbon dominate the soil—air
partitioning of PAHs. This may be true also in those areas
with abundant vegetation or rich soils with high foc values.
Furthermore, high concentrations of organic matter may
cover the soot carbon content in soils and therefore it may
not be always available to gas- phase compounds. In contrast,
the soils situated above the inversion layer correspond to a
fsc Ksadoct/ fomKoa ratio higher than one due torelatively high
fsc values and therefore adsorption to soil SC is the dominant

TABLE 3. Statistical Comparison of Measured and Predicted K, Values below (BIL) and above (AIL) the Inversion Layer

at Tenerife
mean difference
Compared Means® (measured Log Kp — predicted Log Kp) p-value
Log K, (exp) vs. BIL AlL BIL AlL
Log K; (predicted from eq 3) 0.07 1.03 0.63 =0.00001
Log K; (predicted from eq 4%) 0.66 0.26 <0.0001 0.03
Log K;, (predicted from eq 4°) -0.12 0.93 0.39 <0.0001

* Compared means correspond to all the available data from Phe, Fla, Pyr, and C + T. The t test for paired samples was conducted at p < 0.05

(95% confidence level). *SC = 0.04 - BC. © SC = BC.
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process. Generalizing, this will be the scenario also for soils
poor in organic matter that are receptive of deposited
aerosols.
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