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Ultrasonic extraction followed by Stir Bar Sorptive Extraction (SBSE) and thermal desorption inline cou-
pled with Gas Chromatography and Mass Spectrometry (TD/GC/MS) was used to perform a comprehensive
determination of soil-borne polycyclic aromatic hydrocarbons (PAHs) in El Paso, Texas. The method pro-
vided good sensitivity and faster processing time for the analysis. The total PAHs in El Paso soil ranged
from 0.1 to 2225.5 pgkg~!. Although the majority of PAH concentrations did not exceed the soil screen-
ing levels regulated by the United States Environmental Protection Agency, the existence of PAHs in this
ecosystem is ubiquitous. Naphthalene were found in 100% of the soil samples; while the heavy PAHs
Stir Bar Sorptive Extraction (SBSE) (five- and six-ring) were not often detected and mostly remained in closer proximity to industrial areas
Border and major traffic points. The results ruled out the possibility of petroleum refining as the significant source
Soil of local soil-borne PAH contamination, but they suggested that the PAHs found in El Paso soil were closely
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linked to human activities and possible other industrial processes.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Polycyclic aromatic hydrocarbons (PAHs) are a group of organic
compounds consisting of two or more fused aromaticrings [1]. They
belong to persistent organic pollutants (POPs), a group of chemicals
which are characterized by their persistence in the environment,
toxicity, and bioaccumulation in the food chain. Once introduced,
POPs are transported, mainly through the atmospheric pathway,
over short and long distance from their sources. This movement
occurs either on suspended particles or through a process called
global distillation and cold condensation [2]. PAHs can occur nat-
urally (e.g. volcanic activities), and also be released and generated
by anthropogenic activities (e.g. coke production, ferrous and non-
ferrous metallurgic processes, and vehicle emissions). In addition,
PAHs are formed during the incomplete burning of oil, gas, electric
power generation, coal, wood, garbage, or other organic substances,
such as tobacco and charbroiled meat [1]. As a result, PAHs are ubiq-
uitous. They have been found in every part of the world, even in
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remote areas like the Arctic, where no substantial pollution sources
exist [3].

In order to understand the global distribution of POPs, numer-
ous screening studies have been performed around the world. The
El Paso Texas area is a unique region for such an environmental
study. The City of El Paso with its twin city, Ciudad Juarez, Mex-
ico, is located approximately midway between the Pacific Ocean
and the Gulf Coast. The City of El Paso shares airsheds and water
resources with the city of Ciudad Juarez. The Rio Grande forms
the international boundary between the two cities, and this area
is one of the largest semi-arid international border communities in
the world. The North America Free Trade Agreement (NAFTA) has
increased industrial development on the Mexican side. As a result,
there are more than 300 U.S.-owned factories, called maquiladoras,
in Ciudad Juarez [4], and the population on both sides of the border
has increased significantly in the past two decades. The increas-
ing release of pollutants into the border region has raised concerns
about the environment and public-health-related issues.

Soil is the primary environmental reservoir for semi-volatile
organic compounds including PAHs [5,6]. PAHs in soil mostly
resulted from the stationary and mobile sources, which dispersed
the PAHs in the atmosphere. By going through the transportation
process in the atmosphere, PAHS can deposited on the soil by dry
and/or wet depositions, and finally sink into the soil. Because of
their persistence and hydrophobicity, PAHs accumulate in soils,
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especially in organic matters, where they can be retained for many
years [7,8]. Since humans can be exposed to PAHs through the
soil-(air)-plant-animal-human pathway [7], soil-borne PAHs can
be an assessment of health impact. Therefore, this study focused
on soil-borne PAHs to gain knowledge of an understudied environ-
mental issue.

Environmental study relies heavily on chemical analysis. To pre-
pare samples for analysis, the ideal preparation steps should be
rapid, easy to operate, cost effective, generating minimal or no
hazardous wastes, and providing good recovery to allow sensi-
tive measurement of the analytes. USEPA SW-846 methods suggest
the following methods for extracting PAHs from solid samples:
Methods 3540C and 3541 (Soxhlet Extraction), Method 3545A
(Pressurized Fluid Extraction), Method 3546 (Microwave Extrac-
tion), Method 3550C (Ultrasonic Extraction), Methods 3560 and
3561 (Supercritical Fluid Extraction). Traditionally, the extract will
be further concentrated or enriched (using K-D condenser or N,
flow) followed by cleanup procedures. After further enrichment,
1-3 L of the concentrated extract (which usually has a final vol-
ume of 100 wL to 1 mL) will be directly injected to GC for analysis.
Though Soxhlet extraction is commonly considered as the bench-
mark technique, the sample preparation processes usually demand
high solvent consumption, time, and manpower. Nonetheless, a
significant amount of analytes can be lost during the processes,
which could result in lack of analytical sensitivity [9]. Alternative
methods, such as supercritical fluid extraction (SFE) [10], acceler-
ated solvent extraction (ASE) [11] and subcritical water extraction
[10], microwave-assisted extraction (MAE) [12], are considered
more environmental friendly procedures that use less solvent, have
shorter extraction time, provide higher sample throughput, and
improve the sensitivity of the analysis; they also were found to
have better or comparable extraction efficiency to Soxhlet extrac-
tion [13,14]. We further found that ultrasonic extraction could
effectively extract PAHs from solid matrix, e.g. SRM 1649a, when
compared to MAE recovery results (unpublished data).

In this study, we used sonication to extract PAHs from the
soil followed by a solventless technique for enrichment processes.
The technique is called Stir Bar Sorptive Extraction (SBSE), which
was developed in 1999 to extract organic compounds from aque-
ous samples [9]. The Stir Bar (also called Twister™) coated with
50-300 p.L of polydimethylsiloxane (PDMS), is put into the solution
(or extract solution in this case) and stirred for a pre-determined
time; and the solutes partition from the aqueous phase into the
extractant, PDMS [15]. The equilibrium is controlled by the parti-
tion coefficient, Kpypsjw, between the PDMS phase and the aqueous
phase. Kpypsjw Values increase with the octanol-water partition
coefficient Kow of the analytes [9,15,16]; therefore, compounds,
such as PAHs, with high K, are prone to partition into the PDMS
phase and be extracted from aqueous solutions [16]. After stir-
ring, the Stir Bar is removed from the solution and the adsorbed
compounds are thermally desorbed from the PDMS phase on the
Stir Bar in a thermal desorption unit (TDU) and analyzed by Gas
Chromatography/Mass Spectrometry (GC/MS).

Although SBSE was originally developed for the extraction of
aqueous samples, the technique has been successfully applied to
the trace analysis of various target analytes in environmental sam-
ples such as soil [9,17], vegetables [18], and biological samples
[9,19]. Combined with various extraction methods (as illustrated
in Fig. 1), SBSE is found to avoid clean-up and concentration pro-
cedures, reduce matrix effect, have higher throughput capacity
for measuring chemical composition, and improve detection limits
[14,17].

Currently, data for the occurrence of PAHs and their impact on
public health are lacking in the United States/Mexico border area.
Herein, we aimed to study the concentration and occurrence of soil-
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Fig. 1. Schematic illustration of the analytical procedures for semivolatile organic
compounds from solid samples. The traditional procedures are demonstrated on the
left side of the flow chart; while the technique used in this research is shown on the
right side.

borne PAHs in the El Paso region. Our data would be the first analysis
of PAHs in soil from this geographical location, which could be cor-
related to other environmental and health issues. The optimization
of ultrasonic extraction—-SBSE-thermal desorption-GC/MS tech-
niques for soil-borne PAHs was also investigated and is reported
in this study.

2. Materials and methods
2.1. Materials

PAH standard mixtures (Ultra Scientific; Kingstown, RI; Cat
# US-106N; 2000 pgmL~1), internal standard spiking solutions
(dibutyl chlorendate, Ultra Scientific; Kingstown, RI; Cat # US-STS-
280N) and GC grade methanol were supplied by Fisher Scientific
Inc. PAH stock solutions of 10mgL-! were prepared in methanol,
and stored in amber vials at 4°C. Ultrapure quality water was
produced by Festa Ultrapure water production system (Festa/Ing,
Chihuahua Mexico).

2.2. Description of sampling sites

One hundred and seven samples were collected from February
2004 to May 2004 across the El Paso, TX area (Fig. 2). Sampling
sites were selected randomly but evenly distributed throughout
the El Paso area. The sampling sites were categorized into six types
including industrial, agricultural, urban, recreational, school and
remote sites. Industrial sites were classified as areas in which land
use is mainly for oil refining and other industrial activities, or as
an area within 1 mile from these facilities. Agricultural sites are the
regions exclusively adopted for croplands. These areas are mainly
located along the Rio Grande. Urban sites were composed primar-
ily of residential housing and community development. Samples
were collected from empty spaces located among houses and in
places surrounded by urban activities (e.g. malls and roads). The
recreational sites were designated for city or county parks. Remote
areas were classified as locations far from human activities (at least
15 miles away) or sparsely populated. The school sites are well dis-
tributed among urban, industrial, and agricultural areas.
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Fig. 2. Location of sampling sites. Sites were randomly selected throughout El Paso County. No sample was collected in the Ford Bliss area due to security concerns.

The vegetation covering in the majority of the samples sites
is sparse, typical of a desert environment. Creosote bush (Larrea
tridentata) was the most abundant plant in urban areas. The veg-
etation in the remote areas was composed of scatter but variable
vegetation including creosotes bush, saltbush (Atriplex canescens),
jimmy weeds (Isocoma pluriflora), summer cypress (Kochia scorpia),
and tumbleweed (Salsola kali). Vegetation in school and recre-
ational sites were dominated by grass.

In this research, the working hypothesis was that the indus-
trial areas might be the source of PAH contamination and therefore
they were used as the centers of interest. Circles were drawn with
approximated 1, 2, 5, 10, 15, and 20 miles as the radii from the cen-
ters to study the spatial distribution of PAHs. Each sampling site
was at least 1 mile away from the others.

2.3. Sampling methods

Atleast 1000 g of surface soil (10-15 cm of depth) were collected
from each site with a stainless steel shovel. Each sample was a com-
posite of 10 sub-samples from an approximated 50 m x 50 m area at
each individual site. The site location coordinates were determined
with a handheld Global Position System receiver (Trimble Geoex-
plorer II) with 2-5 m precision. Upon returning to the laboratory,
the soil samples were air-dried (if necessary), and each sample was
sieved to 1 mm to eliminate organic fragments and aggregates. Sub-
sequently, they were transferred into clean glass-amber containers
and stored at ambient temperature prior to analysis. Characteriza-
tion of the soil samples was performed. Ninety-five percent of the
soil samples had moisture contents ranging from 0.04 to 2.98% and
organic carbon content ranging from 0.4 to 8.8% (data not shown).
The soil texture analysis indicated that 59% of the samples were
sandy soil, 29% are loamy sandy and 12% are sandy loamy soil.

2.4. Sample preparation: ultrasonic extraction coupled with SBSE

Ten grams of soil sample and 30 mL of 100% methanol (extrac-
tant) were added into a 40-mL vial. The soil was ultrasonically
extracted (Fisher Scientific—FS30H sonicator) at room temperature
for 30 min to promote the diffusion of PAHs from the soil into the
extractant. After sonication, an aliquot of 2.4 mL of the extract was
added to a 20-mL headspace vial along with 100 pL of 10 ppm of
internal standard spiking solution and 7.5 mL of purified water for
the SBSE enrichment process. The analytes were extracted with a
Stir Bar (Twister™, 10 mm length and 0.5 mm thickness, Gerstel,
Inc., Baltimore, MD, USA) for 4 h at 1000 rpm under ambient tem-
perature. After stirring, the Stir Bar was removed with tweezers,
rinsed with ultrapure water, dried with a lint free tissue, and placed
in an empty glass thermal desorption tube. The Stir Bar was placed
in a TDU system, and PAHs were thermally desorbed from the Stir
Bar and analyzed by a GC-MS.

2.5. TD-GC-MS analysis

Thermal desorption-Gas Chromatography-Mass Spectrometry
(TD-GC-MS) analysis was performed on a GERSTEL Twister™
Desorption Unit (TDU) with a CIS 4 cryo-injector (Gerstel, Inc.,
Baltimore, MD, USA) coupled with a GC/MS system (Agilent 6890
GC/5973N MSD, Agilent Technology, Santa Clara, CA, USA). The Stir
Bars were thermally desorbed in the TDU under splitless mode.
The thermal desorption process was programmed as follows: ini-
tial temperature at 40°C with ramp at 60°C/min to 300°C (held
for 5 min). The TDU transfer line temperature was set at 320 °C. The
desorbed PAHs were cryo-focused in the CIS 4 at —40 °C prior to the
injection. The CIS 4 temperature was ramped from —40°C to 320°C
at 12°C/s and held for 10 min. The separations were performed
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using a HP-5MS capillary column (30 m x 0.25 mm x 0.25 pwm, Agi-
lent Technology). The oven was programmed as follows: 50°C
(held for 2 min) with 25 °C/min ramp to 150 °C, 3 °C/min to 230°C,
8°C/minto 300 °Cand held for 10 min. The carrier gas was ultra high
purity helium at a constant flow of 1.0mLmin~!. The GC transfer
line was set at 280 °C. For mass spectrometer parameters, temper-
ature settings of the source and the quad were 230 and 150°C,
respectively. The MS was programmed using a scan mode with
m/z ranging from 40 to 500 amu. The identification of compounds
was carried out using the NIST library. Data quantification was per-
formed using the MSD ChemStation Software (Agilent technology).
Seven-point calibration curves were conducted ranging from 0.01
to 1000 wgL~1. The linear response of the curves produced corre-
lation coefficients (R?) higher than 0.99 for all 16 PAHs (data not
shown).

For quality assurance and control, calibration standards were
run every 30-40 sample analyses. Two replicates for each sam-
ple extract were performed. Should the relative standard deviation
(R.S.D.), which is calculated as standard deviation divided by the
average, be greater than 25%, a third replicate analysis was per-
formed. Blank runs (empty vial) were carried out every five sample
runs. Alaboratory blank sample was analyzed every 20 sample runs.

2.6. Geographical Information System (GIS) mapping

Geographical Information System (GIS), ESRI ArcGIS, Geostatis-
tical Analyst extension within ArcMap 9_ program, was used to
produce maps of PAH distribution. The position of the sample loca-
tions was recorded using a Global Positioning System (GPS), and
the distribution GIS map was prepared based on the concentration
found at each site. The input data was converted to a vector charac-
terized by points representing each sample location. These vector
data were transformed to a grid via interpolation using the GIS
geostatistical analyst. When interpolation was performed for non-
sample points, surface values were estimated or predicted based
on known values of surrounding points [20].

Kriging interpolation was applied to interpolate the concentra-
tion values. Kriging interpolation provides unbiased estimation and
minimized prediction of mean-square errors [21,22]. This method
assumes that the distance or direction between sample points
reveals a spatial correlation (spatially dependent data) that can
be used to explain variation on the surface [23]. Kriging uses a
semivariogram to quantify the spatial correlation in the data, and
defines the weights that determine the contribution of each data
point for predicting values at the un-sampled locations [22]. The
semivariogram is a function of a distance and direction separating
two locations, and is calculated as half of the average of squared
difference between the components of data pairs [21,22,24,25]:

| S MO z(xi) - Z(xi + h)*1 )
2 N(h)
where N(h) is the number of data pairs separated by the distance h,
Z is the data value, and x is the position of the soil sample.
Ordinary Kriging was used as surface estimator. The general
formula is

N
V(s0) = > hiZls;) 2)
i=1

where Z(s;) is the measured value at location i, A; is the weight for
the measured value at the location i, sg is the predicted location, and
N is the number of measured values, which are obtained from the
variogram modeling [26]. Since the distribution of PAHs shows a
skewed distribution with few larges values, the PAH concentration
were log-transformed to show a better agreement with a normal

distribution. This transformation helps to make the variance more
constant and to normalize the data.

3. Results and discussion
3.1. Ultrasonic extraction-SBSE method optimization

Ultrasonic extraction was performed to extract PAHs from soil
samples. The effect of solvent during extraction procedures was
studied by Sandra et al. [18] and in our group (unpublished data).
Solvents such as acetonitrile, acetone, and methanol have been
evaluated. The extraction efficiency of organic compounds using
acetonitrile and methanol was very similar, but was better than
using acetone. Methanol was preferred because it is an environ-
mentally friendly solvent. In addition, methanol can be used in
the next SBSE procedure and therefore no solvent exchange was
needed. We also found that higher methanol content used in soni-
cation provided better extraction efficiency (unpublished data). As
a result, 100% methanol was chosen as the extraction solvent used
in ultrasonic extraction.

After the ultrasonic extraction, SBSE was used for PAH enrich-
ment from the extract. In SBSE, analytes in the extract solution
diffuse into the PDMS phase until they reach equilibrium between
both phases. Two factors were investigated for their impact on the
equilibrium: (1) organic solvent content and (2) stirring time in
the SBSE process. Study showed that organic solvent content in the
extract solutions could affect the partitioning of a compound into
the PDMS phase on the Stir Bar [27]. Methanol is commonly used as
the organic solvent in SBSE [16]. To evaluate the effect of the organic
solvent content on the recovery of PAHs in SBSE, various levels of
methanol in water were examined. The methanol percent levels
were prepared at 10%, 20%, 25%, 30%, 35%, 40%, and 45% in water.
PAH standard solutions with concentration of 100 wg L~! were pre-
pared in each of the above methanol/water solution for testing the
recovery of PAHs. As seen in Fig. 3, the use of 10% methanol in the
SBSE showed better recovery for compounds that have low Kow;
while 35% or 40% methanol/water mixtures seemed to have bet-
ter extraction efficiencies for compounds with higher K. Based
on the finding, it was decided to use 25% methanol/water mix-
ture as the solvent in the SBSE process since it demonstrated good
sensitivity for compounds with broad range of Ko values, and pro-
vided sufficient analytical capability to perform quantification for
multi-residue extractions.

Other studies on the recovery of various organic compounds in
aqueous samples using different levels of methanol/water solutions
showed that 20% methanol-water gave a high recovery of PAHs
with low log Ko (<4.2) and 50% methanol-water was the best sol-
vent for PAHs with high log Kow (>4.2) [27]. Extractions of solutes
with the Stir Bars using water as the only solvent have shown poor
efficiency and recovery, probably due to the lost of solutes on the
walls of glass vials [28]. For compounds with high log Kow (>5.0),
solvents can minimize the adsorption of the compounds onto the
wall of the glass vial and increase the extraction efficiency and
recovery [28]. For compounds with low log Ko (<2.5), organic sol-
vents can decrease the extraction of analytes due to the increases of
solubility of the compounds in the solution, which in turn decreases
the partition of analytes into the PDMS on the Stir Bar. As a result,
the extraction efficiency would decline.

The extraction of organic compounds by SBSE depends not only
on the solvents, but also on the time needed to reach the equilib-
rium between the solvent and PDMS phases. In order to obtain the
optimal extraction efficiency, the extraction time needed for the
SBSE process was studied. Spiked PAH solution at 100 pgL~! was
prepared in a 25% methanol/water solution. The extraction time
varied from 1 to 24 h. As shown in Fig. 4 (24-h data not shown), the
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Fig. 3. The effect of methanol concentration in the SBSE processes on the PAHs recovery. Error bars were +standard deviation of the corresponding replicates.

Table 1
Recovery of PAHs from spiked soil
Compounds m/z # of ring log Kow Sand Loamy sand SRM 1649a

Recovery (%) R.S.D.2 (%) Recovery (%) R.S.D. (%) Recovery (%) R.S.D. (%)
Acenaphthene 152 3 4.0 85.30 3.32 82.87 5.77 NAP NA
Acenaphthylene 154 3 4.7 85.34 3.15 61.66 538 NA NA
Anthracene 178 3 4.5 89.01 3.89 85.82 7.14 131.75 143
Benz[a]anthracene 228 4 5.6 103.40 3.64 96.55 7.86 61.22 20.97
Benzo[a]pyrene 252 5 6.1 103.41 2.32 88.66 8.30 74.21 195
Benzo[b]fluoranthene 252 5 6.0 114.19 3.08 101.39 11.90 120.66 3.92
Benzo[k]fluoranthene 252 5 6.1 100.60 3.11 90.90 9.19 96.28 1.24
Chrysene 228 4 52 108.70 3.63 103.46 7.59 106.73 0.61
Fluoranthene 202 4 49 91.78 3.90 90.30 9.81 103.67 10.88
Fluorene 166 3 4.2 88.51 3.58 96.86 5.49 NA NA
Indeno|1,2,3-cd]pyrene 276 6 6.6 102.61 1.89 79.83 9.34 NA NA
Naphthalene 128 2 33 80.67 1.80 82.77 1.97 NA NA
Phenanthrene 178 3 4.5 88.97 3.90 83.28 7.83 87.32 0.72
Pyrene 202 4 4.2 96.43 3.93 89.60 15.37 107.85 13.80

The results were calculated based on seven replicates.
2 R.S.D.=(standard deviation)/average x 100%.
b NA: not applicable; comparison data are not available.
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Fig. 4. The effect of the extraction time during the SBSE processes on the recovery of various PAHs. Error bars were +standard deviation of the corresponding replicates.

Table 2

Concentrations and occurrences of 16 PAHs in 107 soil samples from El Paso, TX

PAHs concentrations (pgkg~!) from soil in El Paso Texas (n=107)

Min Max Median Mean Occurrence %
Acenaphthene ND 175.8 ND 23 383
Acenaphthylene ND 138.1 ND 1.7 30.8
Anthracene ND 131.5 ND 4.8 47.7
Benzo[a]anthracene ND 131.2 ND 4.7 15.0
Benzo[a]pyrene ND 364.6 ND 8.4 15.0
Benzo[b]fluoranthene ND 267.5 ND 5.1 8.4
Benzo[g,h,i]perylene ND 189.2 ND 1.9 1.9
Benzo[k]fluoranthene ND 2383 ND 4.4 9.3
Chrysene ND 346.6 ND 13.3 20.6
Dibenz[a,h]anthracene ND ND ND ND 0.0
Flouranthene ND 538.5 4.6 26.4 82.2
Flourene ND 2204 ND 29 421
Indenol[1,2,3-cd]|pyrene ND 50.5 ND 0.6 1.9
Naphthalene ND 34.2 6.4 83 100.0
Phenanthrene ND 203.6 2.6 9.7 86.0
Pyrene ND 397.1 4.5 22.0 86.9
Total PAHs 0.1 22255 28.2 116.3 100.0

Occurrence (%) was calculated based on the number of sites found to contain the PAH divided by the total number of soil samples collected. ND: not detected.
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Table 3

Concentrations of PAHs in the soil by area categories: industrial, agricultural, remote, recreational, urban, and school areas

Industrial (n=9)

Agricultural (n=17)

Remotes (n=22)

Min Max Median Mean Min Max Median Mean Min Max Median Mean
Acenaphthene ND 1.7 ND 0.3 ND 1.6 ND 0.2 ND 2.5 ND 03
Acenaphthylene ND 1.4 ND 0.3 ND 0.9 ND 0.1 ND 20 ND 0.2
Anthracene ND 18.3 2.5 5.5 ND 32 ND 0.2 ND 4.0 ND 0.2
Benzo[a]anthracene ND 130.8 ND 18.3 ND ND ND ND ND ND ND ND
Benzo[a]pyrene ND 138.6 ND 30.7 ND ND ND ND ND 364.6 ND 19.0
Benzo[b]fluoranthene ND 267.5 ND 33.1 ND ND ND ND ND ND ND ND
Benzo[g,h,i]perylene ND 189.2 ND 22.1 ND ND ND ND ND ND ND ND
Benzo[k]fluoranthene ND 238.3 ND 33.6 ND ND ND ND ND ND ND ND
Chrysene ND 312.5 18.5 59.5 ND ND ND ND ND ND ND ND
Flouranthene ND 437.2 39.7 77.2 ND 115 0.5 2.6 ND 15.1 0.9 2.0
Flourene ND 13 0.2 04 ND 0.6 ND 0.1 ND 19 0.1 0.2
Indeno[1,2,3-cd]pyrene ND 50.5 ND 5.6 ND ND ND ND ND ND ND ND
Naphthalene 21 31.6 8.2 12.0 1.9 125 4.2 43 04 16.1 2.6 4.6
Phenanthrene ND 101.6 8.6 17.3 ND 9.7 0.2 1.5 ND 5.2 0.7 1.5
Pyrene ND 343.7 34.8 66.6 ND 10.4 0.4 23 ND 29.6 0.7 3.8
Total PAHs 6.3 22255 1313 382.3 0.1 313 10.6 12.6 0.5 379.6 10.4 32.0

Recreational (n=22) Urban (n=14) Schools (n=23)

Min Max Median Mean Min Max Median Mean Min Max Median Mean
Acenaphthene ND 8.4 0.7 13 ND 1.0 ND 0.2 ND 175.8 ND 8.7
Acenaphthylene ND 3.2 0.1 0.7 ND 10.9 ND 0.8 ND 138.1 ND 6.5
Anthracene ND 131.5 04 8.8 ND 69.5 ND 7.4 ND 101.0 1.6 6.9
Benzo[a]anthracene ND 131.2 ND 11.1 ND 2.7 ND 0.3 ND 60.1 ND 4.4
Benzo[a]pyrene ND 105.2 ND 55 ND 39.5 ND 2.8 ND 114 ND 1.9
Benzo[b]fluoranthene ND 197.6 ND 10.2 ND 4.0 ND 0.6 ND 22.6 ND 1.6
Benzo|g,h,i]perylene ND ND ND 0.0 ND ND ND ND ND ND ND ND
Benzo[k]fluoranthene ND 100.4 ND 4.8 ND 6.4 ND 0.6 ND 24.0 ND 23
Chrysene ND 346.6 ND 253 ND 31.2 ND 2.7 ND 2024 ND 12.6
Flouranthene ND 538.5 229 47.6 ND 125.9 5.0 19.2 ND 468.3 6.7 315
Flourene ND 2.2 0.2 0.5 ND 6.8 ND 0.7 ND 2204 ND 115
Indeno|1,2,3-cd]pyrene ND 13.8 ND 0.6 ND ND ND ND ND ND ND ND
Naphthalene 14 323 104 12.7 0.9 34.2 53 7.9 2.5 234 71 8.9
Phenanthrene ND 111.5 10.4 16.9 ND 76.2 4.3 11.8 ND 203.6 24 123
Pyrene ND 3971 204 38.0 ND 94.2 4.7 15.9 ND 370.9 55 249
Total PAHs 5.7 2092.5 94.1 184.3 13 320.1 38.3 57.4 11.9 1493.7 31.6 133.9

ND: not detected. All levels were reported in pgkg~! dry weight basis.

equilibrium of the partition of compounds into the PDMS phase
varied. A 4-h stirring time seemed to provide sufficient recoveries
for the majority of compounds and therefore was selected for SBSE
extraction of PAHs.

Spiked soil samples with a known amount of PAHs were used
to test the efficiency and recoveries of PAHs from the soil using the
optimized analytical procedure as described previously. Spiked soil
preparation was made by mixing a PAH standard solution in ace-

tone with 10 g of soil to obtain a final concentration of 50 pgkg1.
The vials were placed in a hood, and the solvent was slowly evapo-
rated (air dried) with constant stirring. Two different kinds of soil
were used: sandy soil and Loamy sandy soil which represent 88% of
the samples analyzed. The average recovery of PAHs from the soil
ranged from 81 to 114%, except for acenaphthylene (Table 1). NIST
SRM 1649a was also tested and the recovery of PAHs ranged from
61% to 131%.

Table 4

Occurrences (%) of PAHs in the soil by the categories of sampling areas: industrial, agricultural, remote, recreational, urban, and school area

PAHs Industrial Recreational Urban Agricultural Remote School
Acenaphthene 22.2 59.1 35.7 35.3 31.8 21.7
Acenaphthylene 222 50.0 28.6 41.2 27.3 17.4
Anthracene 55.6 50.0 42.9 5.9 13.6 91.3
Benzo[a]anthracene 22.2 36.4 14.3 0.0 0.0 21.7
Benzo[a]pyrene 222 22.7 71 0.0 9.1 30.4
Benzo[b]fluoranthene 222 13.6 214 0.0 0.0 13.0
Benzo|g,h,i]perylene 22.2 0.0 0.0 0.0 0.0 0.0
Benzo[k]fluoranthene 22.2 13.6 14.3 0.0 0.0 21.7
Chrysene 55.6 40.1 214 0.0 0.0 26.1
Flouranthene 88.9 100.0 85.7 64.7 63.6 91.3
Flourene 44.4 59.1 50.0 294 45.5 26.1
Indeno[1,2,3-cd]pyrene 7.1 4.5 0.0 0.0 0.0 0.0
Naphthalene 100.0 100.0 100.0 100.0 100.0 100.0
Phenanthrene 88.9 90.9 92.9 58.8 77.3 91.3
Pyrene 88.9 95.5 92.9 76.5 63.6 91.3

Occurrence (%) was calculated based on the number of sites found to contain the PAH divided by the number of soil samples collected under the same category.
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Table 5
BaPeq profiles in soils collected from various types of sampling sites in El Paso, Texas, expressed in g kg=! (dry weight)
PAH BaPeq (pgkg')
TEFs? Industrial Recreational Urban Agricultural Remote School

Acenaphthene 0.000 0.00 0.00 0.00 0.00 0.00 0.00
Acenaphthylene 0.000 0.00 0.00 0.00 0.00 0.00 0.00
Anthracene 0.010 0.06 0.09 0.07 0.00 0.00 0.07
Benzo[a]anthracene 0.0 10 0.18 0.11 0.00 NDP ND 0.04
Benzo[a]pyrene 1.000 30.70 5.49 2.82 ND 19.04 1.86
Benzo[b]fluoranthene 0.100 3.31 1.02 0.06 ND ND 0.16
Benzo[g,h,i]perylene 0.010 0.22 0.00 ND ND ND ND
Benzo[k]fluoranthene 0.100 3.36 0.48 0.06 ND ND 0.23
Chrysene 0.010 0.59 0.25 0.03 ND ND 0.13
Dibenzo[a,h]anthracene 1.000 ND ND ND ND ND ND
Flouranthene 0.000 0.00 0.00 0.00 0.00 0.00 0.00
Flourene 0.000 0.00 0.00 0.00 0.00 0.00 0.00
Indenol[1,2,3-cd]pyrene 0.100 0.56 0.06 ND ND ND ND
Naphthalene 0.000 0.00 0.00 0.00 0.00 0.00 0.00
Phenanthrene 0.000 0.00 0.00 0.00 0.00 0.00 0.00
Pyrene 0.000 0.00 0.00 0.00 0.00 0.00 0.00

16PAHs 38.98 7.51 3.05 0.00 19.05 2.49

7carcPAHs 38.75 731 297 0.00 19.04 2.37

2 Values adopted from Ref. [39].
b ND: not detected.

3.2. PAHs in soil samples

The 16 priority polycyclic aromatic hydrocarbons were analyzed
in the soil samples collected from the area. Among the 107 samples
analyzed, PAHs were detected in all samples from the entire study
area (Table 2). The total PAH concentration (the sum of the concen-
trations of 16 PAHs) in the soil ranged from 0.1 to 2225.5 pgkg1.

-108

The range is similar to those found in Norway [29], China [30], and
Japan|[31], butis an order of magnitude lower than what were found
in Hong Kong [32] and United Kingdom [29].

The PAH compound with the highest concentration was found
to be fluoranthene (538.5 ugkg=!dry soil), followed by pyrene
(397.1 ugkg1), benzola]pyrene (364.6ugkg~!), and chrysene
(346.6 ugkg—1). On the other hand, dibenz[a,h]anthracene was not
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detected in all samples. The four most frequently detected PAHs
among the 16 compounds were fluoranthene, pyrene, phenan-
threne, and naphthalene with occurrence of 82.2, 86.9, 86.0, and
100%, respectively. Though naphthalene was found in all sam-
ples collected in the area, the concentration found in the samples
was not overwhelmingly high, ranging from ND (not detected)
to 34.2 wgkg~! with an average of 8.3 wgkg~!. Overall, the lev-
els of the four frequently detected PAHs were still in the low
end with average concentrations of 22.0ugkg=! or less. Using
the soil screening levels (SSLs) used by the Agency for Toxic Sub-
stances and Disease Registry (ATSDR) [33], only 4 out of 107
soil samples were found to exceed the SSLs for benzo[a]|pyrene
(data not shown). Other PAHs in the samples were below the
SSLs. It was noted that the samples with exceeding levels of
benzo[a]pyrene were from sites not only close to industrial areas,
but also from recreational areas. Though charcoal and other burn-
ing was observed, the sources of the high level of benzo[a]|pyrene
remain unknown.

Breakdown of the concentrations and occurrences of the 16 pri-
ority PAHs based on the type of sampling sites is summarized in
Tables 3 and 4, respectively. As expected, the lowest levels of total
PAHs were found in the samples from sites registered as agricul-
tural and remotes areas. The highest average concentration of total
PAHs was present in the industrial areas (382.3 wgkg!) followed
by recreational and school areas (184.3 and 133.9 wgkg~!, respec-
tively). The highest occurrences of each PAH compound was again
found in industrial, recreational, or school areas. This result estab-
lished that the highest levels of total PAHs were frequently found in
the regions where either the industrial facilities are located or high
human activities occur. It is worth mentioning that some recre-
ational areas and several schools are near the industrial sites, and

most of them are located at the southeast and downtown El Paso.
Suffice it to say, industrial processes and human activities (such as
burning and traffic) might be the major sources of soil-borne PAHs
in our area.

The toxicity equivalent factor (TEF) approach has been used
extensively for the assessment of different classes of toxic chem-
ical mixtures [34-37]. The carcinogenic potency associated with
the exposure of a given PAH compound can be estimated by
calculating its benzo[a]pyrene (BaP) equivalent concentration
(BaPeq). The BaPeq for each individual PAH species is calculated by
multiplying the concentration of the compound with its TEF, i.e.
BaPeq = conc. x TEF. The TEF of a given species is the toxicity factor
relative to BaP carcinogenic potency. The carcinogenic potency
of a mixture could then be estimated from the sum of the BaPeq
of each individual component, i.e. (total BaPeq)=) conc. x TEF.
Several TEFs of the 16 PAHs had been proposed [38-40], and the
values completed by US EPA [39] were adopted in this study.
Table 5 shows the BaPeq (pgkg=') of individual PAH and total
PAHs (ZIGPAHS) in the samples from the 6 sampling zones
based on their average concentrations found in soils. Total BaPeq
for the seven carcinogenic PAHs (Z7carcPAHs) was also pre-
sented. The seven carcinogenic PAHs are benzo[a]anthracene,
benzo[b]fluoranthene, benzo[k]fluoranthene, benzo[a]pyrene,
chrysene, dibenzo[a,h]anthracene, and indeno[1,2,3-cd]pyrene.
Our result showed that the toxicological impact from the local soil
is controlled by seven carcinogenic PAHs since the BaPeq values
of " 16PAHs and ) 7carcPAHs are almost identical. Soil of the
industrial area showed the highest total BaPeq, while soil from the
agricultural has 0 BaPeq value. The total BaPeq levels in recreational,
urban and school areas are low compared with industrial areas.
Remote areas revealed an unexpectedly high BaPeq level owing to
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high concentration of benzo[a]pyrene detected at two sites where
illegal dumping were suspected but not confirmed. However the
occurrence of benzo[a]pyrene in those remote sites was only 9.1%
(2 out of 22 samples).

3.3. Possible sources of PAHs in soil samples

PAHs have different physical and chemical properties that affect
their distribution in the atmosphere and hence the concentration
in soil [41,42]. Low molecular weight PAHs (e.g. naphthalene, ace-
naphthylene, and acenaphthene) are likely to be found in gaseous
form and their presence would be more related to long-range trans-
port [43]. Heavy PAHs with four to six rings consequently would
settle more easily than light PAHs near the point of emission [44],
therefore they can be the indicators of the source. In order to see
the distribution pattern, a GIS was used to map the distribution of
PAHs in the El Paso area. Naphthalene was selected as the model
compound for low molecular weight PAHs. Our GIS results showed
that light PAHs in the soil were spread throughout the area (Fig. 5).
On the contrary, the total PAHs seemed to be more concentrated
around the major traffic as well as where the industrial facilities are
located (Fig. 6). As shown in Table 4, 10 out of 15 PAHs were found to
have the highest average concentrations in soil samples collected
from industrial areas among all sites. The finding agrees with the
hypothesis that the industrial processes might have contributed
PAHs into the area. Thus, a correlation of PAH concentrations and
the distances of the sampling sites to the industrial facilities was
investigated. PAHs were grouped based on their molecular weight:
276 for Indeno[1,2,3-cd]pyrene and benzo|g,h,i]perylene; 252 for
benzo[a]|pyrene, benzo[k]fluoranthene, and benzo[b]fluoranthene;
228 for benz[a]anthracene and chrysene; 202 for fluoranthene and
pyrene (202); 178 for phenanthrene and anthracene; 166 for fluo-
rene; 154 for acenaphthylene; 152 for acenaphthene; and 128 for
naphthalene. The concentration of each PAH group was plotted
against the distances between the sampling sites and the clos-
est industrial areas (which are located either in westside El Paso
close to downtown, or in the east side of the area). As shown
in Fig. 7A and B, light PAHs were more evenly distributed along
the distance; while heavy PAHs tended to be more concentrated
within the proximity to the industrial areas. However, the distri-
bution pattern of heavy PAHs in Fig. 7A was not as clear as what
was observed in Fig. 7B. It is interesting to know that the industrial
area in the east side of El Paso hosts an oil refinery plant; whereas
there is currently no major factory operating in the west side of the
region. Again, the results support the finding that industrial activ-
ities were likely to be responsible for the higher levels of PAHs in
the region.

It is noteworthy to point out again that industrial areas are
located in a heavy traffic zone and close to Ciudad Juarez/El Paso
border. The total PAH distribution map (Fig. 6) also indicated that
PAHs seemed to concentrate in downtown as well as along the
major interstate highway. A study performed in Southern Califor-
nia showed that the spatial distribution pattern of PAH emission is
highly correlated with city centers and major roadways [45]. Based
on the GIS maps created in this study, the spatial distribution of
PAHs in this study follows similar patterns where the predicted
concentration was higher in the city and principal road ways, and
decreased with distance. It is reasonable to say that the sources
of PAHs in the soil were either from industrial processes or traf-
fic related activities. Therefore, it warrants further analysis for the
identification for the major contributors of the local PAH contami-
nation.

PAHs can also be released to the environment as a result of
pyrogenic and petrogenic processes. Pyrogenic processes include
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Fig. 7. PAHs distribution profiles based on molecular weight and the distance
between the sampling sites and the closest industrial area. (A) The distance was
measured between the sampling sites and the industrial area at westside/downtown
El Paso; (B) the distance was measured between the sampling sites and the indus-
trial area in the east side of El Paso. PAHs were grouped based on their molecular
weights.

combustion of organic materials during industrial activities, res-
idential heating, power generation, incineration, and vehicle
emissions; and petrogenic processes take account of emission from
petrochemical refining and chemical manufacturing [46]. In gen-
eral, PAHs from a petrogenic source have lower molecular weight
(2- and 3-ring), whereas higher molecular weight PAHs are abun-
dant from pyrogenic sources [47].In terms of relative concentration,
when the value of PAHs with four to six rings is higher than 50% of
the total concentration, it indicates a dominance of combustion;
when the value of PAHs with two and three rings is higher than
50%, it indicates a dominance of petroleum pollution. As shown
in Fig. 8, PAHs with four rings or more are dominant in all areas
except for agricultural sites. These results suggest that the PAHs
found in El Paso soil were likely to be from pyrogenic activities
rather than from petrochemical refining. This observation directed
the sources of PAHs in local soil to human activities such as resi-
dential burning, vehicle emissions, or power generation. The only
exception occurred in agricultural soil samples. The relatively abun-
dant two- and three-ring PAHs in the soil might have been due to
long-range transport as observed in Fig. 5.
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The ratios of PAH isomers was used as an additional tool for
source identification. In most cases, the ratios of fluoranthene to
fluoranthene plus pyrene (Fluo/(Fluo+Pyr)) being less than 0.4
indicates petroleum input; while the ratios between 0.4 and 0.5
suggest fossil fuel combustion, and the ratios greater than 0.5 imply
grass, wood or coal combustion [48]. In addition, the ratios of
anthracene to phenanthrene plus anthracene (Anth/(Phe + Anth))
less than 0.1 usually indicates petrogenic input; and a ratio greater
than 0.1 points to a dominance of combustion [30]. As shown in
Fig. 9, the values of Fluo/(Fluo + Pyr) ratios in the local soil samples
by and large fell between 0.5 and 0.6, and Anth/(Anth +Phe) ratios
frequently above 0.1. These values suggest that combustion could
have been the major origin of PAHs in the region. Another study has
identified the Fluo/(Fluo +Pyr) ratios in the particulates from tire,
diesel, and wood burning to be 0.54, 0.50 and 0.51, respectively
[49], which supports the likelihood of the soil-borne PAHs being
from pyrogenic processes. These results ruled out the possibility
of petroleum refining as the source of local PAH contamination.
Thus, residential heating, vehicle emissions, and power generation
at industrial facilities are most likely to be the major contributors
of PAH contamination.
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Fig. 9. Diagnostic ratios of Anth/(Anth+Phen) vs. (Flur/Flur +Pye) in the soil sam-
ples.

PAH contamination in the El Paso area by pyrogenic processes
can be also related to activities occurring in Ciudad Juarez, Mex-
ico. Burning of tires and wood for heating and cooking purposes
is common in Ciudad Juarez, especially in the less economically
privileged area. Moreover maquiladoras and brick kilns located in
Ciudad Juarez might be possible sources of air pollution which can
affect El Paso area. Brick makers typically use scrap fuels such as
sawdust, tires, and lumber to fire the bricks. Analysis of air sam-
ples from a station close to maquiladora area and brick-making
district in Ciudad Juarez revealed higher concentration of PAHs in
particular matter compared to two stations located in El Paso [50].
Further analysis of soil and air is needed on both site of the bor-
der to understand the transportation of PAHs in this area, and the
impact of those activities in Ciudad Juarez on the PAH contamina-
tion.

There are approximately 2.3 million people living in the El
Paso/Juarez area (Census data). The traffic situation at the U.S. Mex-
ico border crossing associated with NAFTA is estimated to have
more than 80,000 vehicles each day between El Paso County and
Ciudad Juarez, MX [51]. This study had contributed the sources of
PAHs in this area likely to be pyrogenic processes. The traffic in this
growing metropolitan area and at the border crossing, and the use
of wood, tires and other scrap fuels for both residential heating and
the production of bricks, may be creating a potential problem for
PAH contamination in this region.

4. Conclusions

An analytical method using ultrasonic extraction combined with
Stir Bar Sorptive Extraction-thermal desorption-Gas Chromatogra-
phy/Mass Spectroscopy was optimized for PAH analysis in soil. This
method provided time efficient and sensitive results for this study.

Atotal of 107 soil samples were collected throughout El Paso, TX.
Based on the land uses, sampling sites were categorized into indus-
trial, agricultural, remote, recreational, urban, and school areas.
Sixteen priority PAHs were analyzed and the levels of PAHs were
mostly below the EPA soil screening levels (SSLs). Only 4 out of
107 soil samples were found to contain benzo[a]|pyrene exceed-
ing the SSLs. However, the data showed that PAHs existed in all
samples collected. Through long-range transport, light PAHs (such
as fluoranthene, pyrene, phenanthrene, and naphthalene) were
found in 80-100% of the samples analyzed. Heavy PAHs (such
as benzo[a]pyrene, benz[a]anthracene and pyrene) were less fre-
quently detected, and mostly found in soil collected from industrial,
recreational, or school areas where involving intensive human
activities.

GIS maps, relative abundance, and diagnostic ratios were used to
identify the sources of PAHs in the local soil. The GIS maps showed
that higher concentrations of total PAHs were found in the areas
with heavy anthropogenic activities. The diagnostic analysis fur-
ther specified that the PAHs found in our local soil are likely to come
from pyrogenic processes. Thus, residential heating, vehicle emis-
sions, and power generation at industrial facilities are most likely to
be the major contributors of PAH contamination. Industrial power
generation might have also added PAHs into the environment but
petroleum refining did not seem to have significant effect on the
PAH contamination in the soil.

This research generated the first comprehensive data of con-
centration, occurrence, and the possible sources of soil-borne PAHs
in the El Paso/Juarez area and is the first study of its kind in the
U.S./Mexico border. With the growing population and unique traf-
fic situation at the border crossing, this research has identified a
potential environmental problem for PAHs in this region. It pro-
vides the foundation for further studies on the impacts of PAHs and
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other persistent organic pollutants on the environment and public
health on both side of the border.
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