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Abstract

This research measured ambient levels of polycyclic aromatic hydrocarbons
(PAHs) surrounding a petrochemical complex on the island of Curagao using
passive air sampling. In addition, source elucidation of PAHs was conducted
using concentration profiles, distribution profiles, binary diagnostic ratios
and factor analysis. Passive air samplers with polyurethane foam collection
disks (PAS-PUFs) were deployed in 2011 (22 = 43) and in 2014 (22 = 30) to
evaluate the extent of the emission plume as well as spatial and temporal dif-
ferences in ambient PAH concentrations. In general, ambient PAH concen-
trations in Curagao were consistent with other urban and industrialized re-
gions of the world; however, the levels measured downwind of Isla Refineria
petrochemical complex were among some of the highest reported ambient
PAHs globally. Ambient PAH concentrations ranged from 1.2 to 790 ng/m’
in 2011 and 27 to 660 ng/m’ in 2014, demonstrating no temporal differences.
However, significant spatial differences were detected between samples col-
lected upwind and downwind of the petrochemical complex. Significantly
higher ambient PAH concentrations were found in the samples collected
downwind of the petrochemical complex compared to those upwind in 2014
(p < 0.0001). Source elucidation revealed the ambient PAHs downwind were
dominated by petrogenic emission sources and to a lesser degree pyrogenic
emissions, whereas, the upwind locations appear to be equally influenced by
both petrogenic and pyrogenic emissions sources.
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1. Introduction

Refinery operations have been associated with atmospheric emissions of a wide
variety of criteria air pollutants (ie. sulfur dioxides, nitrogen oxides, carbon
monoxide and particulate matter), volatile organic components (Ze. benzene,
toluene, ethylbenzene, m-xylene), hazardous air pollutants (Ze. polycyclic aro-
matic hydrocarbons, carbon monoxide, hydrogen cyanide, mercury), and other
pollutants (ie. greenhouse gases, hydrogen sulfide). The type and quality of the
crude oil, refinery process and refined products all influence the variability,
composition and amount of emissions from one refinery to another.

The presence of hydrocarbons (Z.e. polycyclic aromatic hydrocarbons—PAHs)
in the Wider Caribbean Region (WCR) is considered by UNEP to be a signifi-
cant threat or potential risk factor to environmental and human health [1] [2].
Industrial point sources contribute 90% of the oil pollution loads entering the
WCR coastal areas, mainly from approximately 100 oil refineries operating in
this region [3]. One of the largest and oldest refineries in the WCR, Isla Refine-
rid, opened in 1918 and is located on the shores of Schottegat Bay within the
densely populated capital of Willemstad, Curagao. Although, the refinery was
considered obsolete in the mid-1980s, it is still in use today with an operating

capacity of ~330,000 barrels per day (http://www.refineriaisla.com) yet it has not

been able or required to comply with environmental standards and permit re-
quirements [4].

A legacy of human health and environmental issues is the basis of a historical
debate and conflict between the public and local government of Curagao. Using
a survey questionnaire, communities downwind of Isla Refineria and the major
thoroughfare circling the refinery and the bay, Schottegatweg Ring, are reported
to experience higher than average frequencies of headaches, nausea, chronic
lung ailments, asthma and cancer [5]. The major unresolved dispute in Curagao
is whether the petrochemical emissions are solely due to motor vehicle emissions
or whether the major contribution comes from one of the largest oil refineries in
the WCR, Isla Refineria [6]. There is no question that motor vehicular emission
(MVE) has become an increasingly dominant contributor to air pollution glo-
bally [7]. The adverse health effect associated with elevated exposures to MVEs
near busy roadways has emerged as a public health concern [7] [8]. A lack of
concrete data makes it difficult to assess the source and impact of atmospheric
PAHs from both motor vehicle traffic and refinery emissions.

In many cases it is difficult to determine direct causality with one particular
constituent of air pollution (PM, sulfur dioxide, carbon monoxide, VOCs, etc.)
due to its complexity and multiple sources, such as traffic and industrial and re-
finery operations. More than 98% of air pollution in urban settings are gases or
vapor-phase compounds such as carbon monoxide and non-methane hydrocar-
bons. Due to these complexities, the objectives of this study were to quantify le-
vels of atmospheric polycyclic aromatic hydrocarbons (PAHs) and to apply a va-
riety of source identification techniques to evaluate the extent of pollution and to
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elucidate the point source(s) on the island of Curagao.

2. Materials and Methods
2.1. Site Selection and Study Design

Curagao is part of the Leeward Antilles in the southern Caribbean, ~66 kilome-
ters (km) off the Venezuelan coast (Figure 1). It is currently considered a con-
stituent country of the Kingdom of the Netherlands since its dissolution in 2010
from the Netherland Antilles. Curagao is located in the Southern Caribbean Dry
Zone characterized by a semi-arid to arid climate, with a distinguishable dry and
rainy season, sustained easterlies and an average yearly temperature of 27°C. The
island is approximately 59 km in length, 4 - 11 km wide and a total land mass
area of ~444 km”’. The population of ~150,000 (2018 estimate,

http://www.cia.gov) consists of greater than 50 nationalities with Dutch and Pa-

piamento as the official languages. The majority of the population (~144,000;

2018 estimate, http://www.cia.gov) resides in Willemstad, which is home to the

Isla Refinerid petrochemical complex.

The site selections and designs varied between 2011 and 2014. The site selec-
tions in 2011 were specifically designed to address the extent of the emissions,
whereas in 2014, the site selections were designed to evaluate spatial trends to

between areas located upwind and downwind of the petrochemical complex. To

Figure 1. The island of Curagao is located in the southern Caribbean off the coast of Ve-
nezuela. The inset of the island highlights the site locations (black dots ®) where the pas-
sive air samplers were deployed in 2011 and 2014. These site locations are further ex-
panded in Figure 2.
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address the extent of the emissions, 15 sites were selected in 2011 based on their
proximity to Isla Refinerid, Schottegatweg Ring, and along westerly transects
from the ring outward to approximately 6 km west (downwind) of the refinery
(Figure 2, See Pulster [9] for coordinates). PAS-PUFs were deployed in the gen-
eral path determined by yearly average wind distribution plots in Curagao
(Figure 2). In 2014, 30 sites were selected around the entire Schottegatweg Ring
including upwind (2 = 15) and downwind (22 = 15) locations from the petro-
chemical complex to address spatial trends (Figure 2, See Pulster [9] for coordi-
nates). In both 2011 and 2014, the three major communities (Heintje Kool/Buena
Vista, Marchena/Wishi, Habaai) involved in the 1999 Environmental Service of
Curagao Health Assessment were included in this study [5]. This 1999 assess-
ment was conducted as a result of health complaints from communities directly

exposed to refinery emissions.

2.2. Passive Air Samplers (PAS-PUF)

Polyurethane foam (PUF) collection substrates (P/N TE-1014; 1.27 cm thick x
13.97 cm diameter; density 0.029 g/cm’) were purchased from Tisch Environmental
(Village of Cleves, OH, USA). Prior to deployment, PUFs were individually packed
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Figure 2. Ambient PAS-PUF sampling locations in Curagao during the 2011 (# black diamonds) and 2014 (e red circles) sampling

events. Samples collected downwind of the main petrochemical complex, Isla Refineria (indicated by the dashed red line), are
those to the left (or west) of the dotted black line. The samples collected upwind are those to the right (or east) of the dotted black
line. The wind rose indicates the average year round easterly direction of the trade winds in Curagao.
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into a 66 mL extraction cell and pre-cleaned with acetone and hexane using an
Accelerated Solvent Extractor (ASE 300, Dionex, Sunnyvale, CA, USA). The ASE
was programmed for three sequential cycles with the temperature of 100°C,
pressure of 1500 psi, static time of 5 min, and a 60% flush volume, and a purge
time of 60 seconds.

These pre-cleaned PUF vapor collection substrates were then sealed in solvent
rinsed aluminum foil and in air tight containers to avoid contamination during
transit to the island and sampling locations. The PUFs were suspended within
dome-type passive air samplers (PAS-PUF) and deployed in triplicate at each of
the 15 sites in 2011, with the exception of one site (Parasasa) deployed in dupli-
cate (n = 43). Two of the triplicates were lost during processing from the Marie
Pampoen site; therefore the concentration is based on a single sample. In 2011,
samplers were deployed for ~9 weeks (65 £ 1 day) from 28 February-6 May,
2011. Based on the 2011 triplicate precision and low variability measured by the
mean relative standard deviation (10 = 5 % RSD) between triplicates, the 2014
PAS-PUFs were deployed individually at 30 sites around Schottegatweg Ring for
9 weeks (63 £ 1 day) from 13 May-18 July. At the end of each of the deployment
periods, the PASs were retrieved and the PUFs were resealed and transported

back to Mote Marine Laboratory where they were stored at —20°C until analysis.

2.3. PUF Extractions and Analysis

The 2011 triplicate PUFs from each of the 15 sites (1 = 43) and the 2014 PUFs (n
= 30) were extracted and analyzed separately. Individual PUFs were placed into
a 66 mL stainless steel accelerated solvent extraction (ASE) cell and spiked with
deuterated PAH surrogate standards (naphthalene-d;, acenaphthene-d,,, anth-
racene-d,,, benzo[a]anthracene-d,,, perlyene-d,,) and ortho-terphenyl (OTP) to
monitor recoveries and validate the extraction and clean-up procedures. Each
PUF was extracted using 100% methylene chloride (CH,Cl,) under the same
ASE conditions as above. The PUF extracts (~80 mL) were reduced to ~1 - 2 mL
using a RapidVap (Labconco Corp., Kansas City, MO, USA) and eluted through
an automated GPC system (Fluid Management Systems, Watertown, MA, USA)
to remove high molecular weight interferences. For further cleanup and separa-
tion of polycyclic aromatic hydrocarbons (PAHs), the extract was then eluted
with 80:20 CH,Cl,/hexane (v/v) through a neutral silica column (6 g) using a
multi-column clean-up system (Automated Power-Prep System, Fluid Manage-
ment Systems, Watertown, MA, USA). The eluted fraction containing com-
pounds of interest were collected and reduced to 900 uL of methylene chloride.
Prior to instrument analysis, all extracts were spiked with two deuterated PAH
internal standards (dibenzothiophene-d,, benzo[e]pyrene-d,,) for quantification
of targeted analytes. Extracts (1 pL injection volume) were analyzed for ap-
proximately 61 polycyclic aromatic hydrocarbons (21 parent PAHs and homo-
logues), using combined gas chromatography/mass spectrometry (GC/MS; Agi-
lent 7890A/5975C; Agilent Technologies, Inc., Andover, MA, USA). Analyte se-
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paration was achieved on a DB-5MS capillary column (30 m x 0.25 um film
thickness x 0.25 mm i.d.; Agilent Technologies, Inc., Andover, MA, USA) with
ultrahigh-purity helium as the carrier gas. PAHs were determined in electron
impact scan mode (EI) with helium as the carrier gas at 1 mL/min. The injector
(splitless mode) and transfer line temperatures were set to 300°C and 280°C, re-
spectively. The oven temperature program was as follows: 60°C (0.5 min hold),
then 8°C/min to 325°C (3 minute hold) for a total run time of 36.6 minutes. The
source and quadrapole temperatures were set to 230°C and 150°C, respectively.
All mass spectral data were compared to spectra produced by authentic stan-

dards and to previously published library spectra.

2.4. Calculated Air Concentrations

Passive air samplers adsorb chemical constituents that can be used to assess am-
bient concentrations in the atmosphere. The extent to which chemicals are
enriched in the sampling substrate relative to air is dependent on the passive
sampler medium (PSM), or the air partition coefficient (Kpg, ,). The PAS-PUF
uptake of a chemical from the ambient air is best described by the effective con-

centration gradient between the air and the sampler following the equation:

Vsdd%zkoAs(CA—E—;] (1)
where V, is the sampler volume, C, is the analyte concentration in sampler, C, is
the air concentration of the analyte, &, is the overall mass transfer coefficient, A
is the sampler surface area, and K, is the sampler air/partitioning coefficient
[10] [11]. The Kpg, 4 and the sampling rates (R) are both necessary to know in
order to use PAS semi-quantitatively to assess ambient atmospheric concentra-
tions and both have been previously calculated from field calibration experi-
ments [12] [13]. Compound specific sampling rates were selected from calibra-
tion studies performed in a similar tropical environment [14]. Ambient air con-
centrations (C,,; ng/m?) in Curacao were then calculated using compound spe-
cific sampling rates [14] in the Global Atmospheric Passive Sampling Network’s

template [12] for calculating air volumes for PAHs as follows:

Vair :(KI;SM—A)X(VPSM )X{l_exl{ ,kA X ! }tJ (2)
KPSM -A Dfilm

where K{, . takes into account the passive sampling medium octanol air
partitioning coefficient (log K,,) and is calculated by multiplying K, , by the
density of the PSM (g/m’), Vg, is the volume of the passive sampling medium
(m®), k, is the air-side mass transfer coefficient (m/d), which is equal to the
sampling rate (m’/day) divided by the surface area of the PUF sampler (365
cm?), Dy, is the effective film thickness (m), and ¢ is the deployment time

(days), m; is the mass of the target analyte measured in the passive samples
(ng/disk).
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2.5. Source Characterization

Concentration and distribution profiles, binary diagnostic ratios and factor ana-
lyses were used to characterize sources of ambient PAHs in Curagao. Concentra-
tion and distribution profiles were used to differentiate between petrogenic and
pyrogenic sources by evaluating the distribution of the parent compounds and
their homologues. Binary diagnostic ratios were evaluated to differentiate be-
tween vehicular and non-traffic emissions, diesel and gasoline combustion, dif-
ferent crude oil processing and biomass burning. Each of the diagnostic ap-
proaches has its limitations and uncertainties, therefore it is highly recom-
mended to interpret more than one ratio to identify and confirm a source(s).
Therefore, in this study, 10 different ratios were evaluated to elucidate potential
sources, however sites with non-detects of both binary ratio compounds were
excluded from the analysis. To prevent biases, ratios where one of the com-
pounds was below the detection limit, resulting in a ratio of either 0 or 1, were
considered to be less than the instrument detection limit (<IDL) and were not
included in the analysis. A total of six binary ratios of PAH pairs were further
evaluated herein (Table 1).

Factor analysis and principal components analysis (PCA) were also used to
analyze all sources of variability in the dataset by transforming and reducing the
number of correlated variables into principal components that account for the
majority of the variability. Within the factors, each variable is assigned a factor
loading which determines the most representative indicator PAH. The level of
significance for the factor loadings is generally determined by the relationship
between the loadings and the magnitude of the sample size [15] [16] [17]. Nev-
ertheless, the general rule of thumb is that the loadings should be at least 0.70
[18], however in this study, we chose a more stringent value of >0.80 for in-
creased robustness. The grouped variables or factors are then interpreted as spe-
cific emission sources that are characterized by the most representative indicator
PAH(s) [19]. In this study, only detectable levels of the parent PAH compounds
from the 2014 downwind sites (18 PAHs), 2014 upwind sites (15 PAHs) and the
2011 sites (18 PAHs) were input into the factor analysis and PCA. The fifteen
stations sampled in triplicate in 2011 were combined since the sample size was
too small to detect statistical differences (p = 0.43) between the upwind (n = 3)

and downwind (n = 12) locations.

2.6. Quality Assurance and Quality Control (QA/QC)

A performance-based quality-assurance and quality-control program, including
the parallel analysis of procedural blanks and matrix spikes was implemented to
ensure data of the highest quality. Quality assurance and quality control guide-
lines follow TDI-Brooks International, B&B Laboratories Inc., EPA 8270D and
NOAA established criteria for PAH analysis. Five custom calibration standards
ranging in concentration from 25 to 1000 ng/mL were used. Prior to sample

analysis, the initial calibration passed the following established criteria: R*> = 0.99
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- 1 for all compounds and surrogates and the % RSD was <20% for all relative
response factors. The GC response is monitored using a mid-level (250 ng/mL)
continuing calibration standard, passing acceptable criteria (% RSD < 25% for
90% of the analytes; <35% for 10% of the analytes). Procedural blanks were
checked to confirm they were clear of targeted analytes. Acceptable blanks were
considered to contain no more than three times the MDL for two or more target
analytes. The method of detection limit (MDL) is defined as three times the
standard deviation of the mean concentration of each analyte detected in the
blanks. Only two of the 21 parent PAHs were detected in the blanks (naphtha-
lene and phenanthrene). The MDLs were 22 and 196 ng/PUF for naphthalene
and phenanthrene, respectively. Instrument detection limits ranged from 0.06 to
0.24 ng/mL. Calculated ambient PAH concentrations are reported at two signif-
icant figures in ng/m’.

Sample analyte concentrations were quantified based on the concentration
and response of the internal standards (dibenzothiophene-d; and benzo[e]pyrene-d,,).
All samples and method blanks were spiked with OTP and four (4) deuterated
PAH surrogate compounds (naphthalene-dy, acenaphthene-d,,, anthracene-d,,,
benzo[a]anthracene-d,,, perlyene-d,,) prior to extraction. All samples passed the
acceptable surrogate recovery criteria (% recovery 50% - 150%). The mean re-
covery of OTP spiked in the 2011 samples was 104% + 6%. The 2011 overall re-
covery for the low and high molecular weight surrogates were 61% * 11% and
84% + 9%, respectively. The 2011 overall recovery for the matrix spiked with 18
parent PAHs was 82% =+ 25%. The mean recovery of OTP spiked in the 2014
samples was 103% * 11%. The 2011 overall recovery for the low and high mole-
cular weight surrogates were 91% * 15% and 105% + 20%, respectively. The
2014 overall recovery for the matrix spiked with 18 parent PAHs was 78% * 8%.
Individual and standard mixtures of PAHs were purchased from AccuStandard
(New Haven, CT, USA).

2.7. Data and Statistical Analysis

Calculated ambient PAHs are expressed as ng/m’. Non-detectable levels were
not substituted with detection limits. Data were transformed (square root) to
meet the assumptions of normality. In the event a normal distribution was justi-
fied, parametric statistics were performed using Student’s t-tests and ANOVA to
evaluate spatial and temporal differences (a = 0.05) using JMP Pro Version
14.2.0 (SAS Institute, Inc.). Raw data were used to complete factor analysis and
PCA using Statistica Version 6 (StatSoft Inc., Tulsa, OK, USA).

3. Results and Discussion

3.1. Ambient Concentrations of Polycyclic Aromatic Hydrocarbons
Calculated ambient concentrations of PAHs ranged from 1.2 - 790 ng/m’ and 27

- 660 ng/m’ during the 2011 and 2014 sampling events, respectively (Figure 3,

see Pulster [9] forindividual PAH concentrations). There were no observable

DOI: 10.4236/jep.2019.103025

438 Journal of Environmental Protection


https://doi.org/10.4236/jep.2019.103025

E. L. Pulster et al.

69°10"W 69°030'W 69°D0"W 68'59'30"W 68°5830'W 68°5730°W . BES630W  6BESIOW  6BSE0W  6BSI0W  6B'E230W
N 3 "
Downwmd : Upwind
12°9'30"N-} : L12°9'30"N
oo : ©2014-016 e
12'9'0"N: ke .zou-ok‘ o 12'9'0°N
11 2014-028
@2011-014 2 11-011 ,.20“ 020
znu 022 ‘"'(S’ ©2014-004 @2014-015
12°8'30"N O3 1 L12°8'30°N
o Oron1-003 20) mn A~ 14014
Oro11-004 OZON—OZ" Om 1401
Oz 11-013 v> f y,
12°8'0"N .2014 00; -8 i YR L12°8'0"N
OZOI ‘ Isla I
20".{?:: -023 Reflnena \ .2014 012
12°7'30"N] 2011-015 4-024 A L12°7'30"N
&o%’k ,) == (20 4-003
0144)0 S gy 2011-0 @2014-001
= .2014—002
12'7'0"NH 02014-029 L12:70"N
1 O2014-008 @2014-011
Wnlleinstad
12'6'30"N-} E L12°6'30"N
; . : ©2014-009
2011 & 2014 Ambicnt PAH Concentrations £2011-006 ©2014.010
120N 5 : @2014-030 L12°6'0"N
PAH (ng/m’) :
® 1-57 :
12'5'30"N-} : L12°5'30"N
© 58-130 :
weon] O 131-180 o .
O 181-310 :
12°4'30"N+ . 311 -790 Sources: Esd, HERE, Garmin, Intermap, increment P Corp., GEBCO, USGS, FAO, NPS, NRCAN,  [12°430'N
GeoBase, IGN, Kadastfr NL, Ordnance Survey, Esri Japan, METI, Esn China (Hong Kong),
O —— w— Kilometers ©0p fap . and the GIS User Community, Sources: Esr, USGS,
0 05 1 2 3 4 NOAA, SQUfCCS Esn, Qarmm USGS, NPS Sources: Esn, GEBCO, NOAA, National Geographic,
12°4'0"N+J S DeLovma HERE, Geomames. otg and other contnbu'o«s 12°4'0"N

T T T T
69°1'0"W 69°0'30"W 69°0'0"W 68°59'30"W

T T T T T T T T
68°58'30"W 68°57'30"W 68'58‘30“W 68'55'30"W 68'54'30“W 68'53‘30"W 68°52'30"W

Figure 3. Calculated ambient PAH concentrations (ng/m’) in Curagao from the 2011 and 2014 sampling events. Ambient PAH

concentrations ranged from 1 to 790 ng/m with no significant temporal trends.

temporal trends or statistical differences between the 2011 and 2014 mean am-
bient YPAHs (p = 0.81), X LMW PAHs (p = 0.080) or the YHMW PAHs (p =
0.92) measured at sites located downwind of the Isla Refineria petrochemical
complex in Curagao (Figure 4). However, the YLMW PAHs measured upwind
in 2011 were marginally higher (p = 0.0434) than those measured upwind in
2014 (Figure 4).

The 2011 site selections were designed to evaluate the extent of emissions,
therefore it is not surprising we were unable to detect differences between the
upwind (22 = 3) and downwind (2 = 12) locations due to sample sizes. However,
there was a weak negative correlation (R* = 0.20, p = 0.096) between ambient
PAH concentrations and increasing distance between the petrochemical com-
plex, nevertheless, the lowest levels were measured in Blauw/Curasol (site
#2011-014; 1.2 ng/m’) which was one of the furthest sites west of the refinery (~6
km). Atmospheric PAHs were also detected in Boca Sami (160 ng/m’ ZPAH)
which is ~7 km west of the refinery and was the western most site sampled dur-
ing 2011. Levels were moderately elevated in Boca Sami considering the distance
however, this site was the highest point sampled with an elevation of approx-
imately 120 feet above sea level whereas the petrochemical complex sits at ap-

proximately 22 feet above sea level. Although the consistent easterly direction of
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Figure 4. The square root (V of ambient YPAHs (ng/m?), low molecular weight (SLMW,
ng/m’) and high molecular weight (SHMW, ng/m’) PAHs by collection year and direc-
tion from the petrochemical complex, Isla Refinerid, in Curagao. In 2014, locations
downwind of the petrochemical complex (Isla Refinerid) had significantly higher levels of
ambient YPAHs (p < 0.0001) and YJLMW PAH (p < 0.0001) concentrations than those
located upwind.

the Trade Winds is a critical factor in ambient levels and distribution of PAHs,
the lack of correlations with increasing distance from the petrochemical complex
and PAH levels could be attributed to the terrain elevation, physical geography
and flux trajectories associated with wind speeds.

In 2011 the highest levels of PAHs were measured at the two sites directly down-
wind (Habaai site #2011-001, 790 ng/m’ Marchena site #2011-012, 450 ng/m’) of
the Isla Refinerida petrochemical complex. These two sites located directly
downwind of the petrochemical complex had concentrations significantly higher
than all other sites, equaling one to two orders of magnitude higher than the
eastern (upwind) and western (downwind) most sites, respectively. In particular,
the PAH concentrations measured at Habaai (site #2011-001) were over 600
times higher than those measured at Blauw/Curasol (2011-014; 1.2 ng/m®) and
were almost 15 times higher than the most eastern or upwind site, Marie Pam-
poen (site #2011-007; 55 ng/m’).

The calculated 2014 ambient PAH levels ranged from 31 to 660 ng/m’ and 27
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Saudi Arabia (Industrial), 2015 [30]
2011 Habaii, Curagao (DOWNWIND, This study)

to 70 ng/m’ for the downwind and upwind sites, respectively. Similar to the 2011
sites, sites located downwind of the petrochemical complex [Welgelegen/Veld
Salu (site #2014-007; 660 ng/m’), Beth Haim/Marchena (site #2014-005, 460
ng/m’) Habaii (site #2014-006, 440 ng/m’) had the highest ambient PAH levels
in 2014. The 2014 stations were specifically selected to evaluate spatial trends.
Measured ambient PAHs at stations located downwind (X+o: 250 + 180
ng/m’) of the Isla Refinerid petrochemical complex and Schottegat Harbor had
significantly higher (p < 0.0001) than those measured at the upwind sites
(X+o: 42 £ 12 ng/m’; Figure 4). Ambient PAHs measured downwind of the
petrochemical complex were up to two orders of magnitude higher than those
measured upwind. These results are supported by previous studies evaluating
other emission constituents (Ze. total suspended particulate, sulfate, chlorides,
lead) which concluded the refinery affects a substantial portion of the western
side of the island, and more so, those sites directly downwind of the refinery [9]
[20] [21].

3.2. Global Comparisons of Ambient PAH Concentrations

In general, the ambient concentration of PAH levels in this study were consis-
tent with other urban and industrial regions found globally, but up to three or-
ders of magnitude higher than some remote and rural areas (Figure 5) [22]-[36].
The mean concentrations of ambient PAHs downwind of the Isla Refineria pe-
trochemical complex as well as those from select locations (Habaii, Welgelegen,

Beth Haim, Marchena) located directly downwind were among some of the

Central China, 2015 [29]

2014 Welgelegen, Curagao (DOWNWIND, This study)
2014 Beth Haim, Curagao (DOWNWIND, This study)
2011 Marchena, Curagao (DOWNWIND, This study)
Chicago, USA 1999 [27]

2014 Curagao Mean DOWNWIND Sites (This study)
Northeast India, 2014 [28]

2011 Curagao Mean DOWNWIND Sites (This study)
Turkey (Residential), 2014 [26]

Jinan, China 2015 [25]

2011 Curagao Mean UPWIND Sites (This study)
Belgium (Industrial) 2006 [15]

Turkey (Industrial) 2012 [24]

Moscow, Russia 2004 [20]

Toronto, Canada 2005 [23]

2014 Curagao Mean UPWIND Sites (This study)
Sarajevo, Bosnia 2014 [31]

Saudi Arabia (Residential, near oil refinery) 2015 [32]
Czech Republic (Industrial) 2004 [20]

Mumbeai, India 2006 [22]

Kotlarska, Brno 2014 [21]

Zaragoza, Spain 2014 [19]

Europe (Remote) 2004 [20]

o
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o
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Y PAHs (ng/m®)
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Figure 5. Global comparison of ambient PAH concentrations (ng/m’). Mean concentrations and select sites located downwind

and upwind of a petrochemical complex in this study are represented by the red bars.
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highest reported ambient PAHs globally and were similar to the highly polluted
capital city of Shaanxi Province in central China [32] as well as industrial regions
of Saudi Arabia [33].

In comparison, the sites located upwind of Isla Refinerid were 33 times higher
than some remote areas of Europe [23], yet almost 6 times lower than those
measured downwind in this study and almost 24 times lower than the levels re-
ported in Saudi Arabia [33]. Although the ambient PAHs measured upwind
(X+o: 42 + 12 ng/m’) of Isla Refineria were substantially lower than those
measured near industrial areas in Saudi Arabia, they were similar to those meas-
ured in other residential areas surrounding an oil refinery in Saudi Arabia and

industrial regions of the Czech Republic, Belgium and Turkey [19] [23] [35].

3.3. Source Characterization

Identifying and understanding the impact of emission sources is critical for
proper risk assessment and management [37]. The emission of PAHs is from a
variety of anthropogenic sources which can be categorized as domestic sources,
mobile sources, industrial and agricultural sources. Binary diagnostic ratios and
PAH concentration profiles have been useful in identifying emission sources and
their contributions to ambient air concentrations in order to distinguish be-
tween different sources, such as petrogenic, pyrogenic or phytogenic [19] [38]
[39] [40]. PAHs originating from petrogenic sources primarily consist of the low
molecular weight compounds having two or three fused benzene rings and an
abundance of substituted PAHs (homologues with 2 - 3 alkyl carbons), thereby
displaying a characteristic bell-shape with respect to the degree of alkylation [41]
[42] [43] [44]. PAHs originating from pyrogenic sources primarily consist of the
high molecular weight compounds having four to six fused benzene rings and
dominated by the unsubstituted PAHs or homologues with 1 - 2 alkyl carbons.
Therefore, profiles from petrogenic sources display a characteristic bell-shape
with increasing concentrations with increasing degree of alkylation (C0 < C1 <
C2 < C3 < C4) whereas pyrogenic sources produce a decreasing concentration in
the distribution within a homologue series (C0 > C1 > C2 > C3 > C4) [42] [43].
Concentration and Distribution Profiles. In this study, ambient PAH concen-
trations were dominated by the low molecular weight (LMW) 2 - 3 ring PAH
compounds, accounting for 97% and 96% of the compounds at the 2011 down-
wind and upwind sites, respectively (Figure 4 and Figure 6). Similarly, the
LMW PAHs also accounted for 96% and 84% of the ambient PAH concentra-
tions at the downwind sites and upwind sites in 2014, respectively. In petroleum
refining, the 2 - 3 ring compounds account for approximately 94% of the PAHs
[19]. This would indicate a strong petrogenic source and suggest the downwind
locations may be highly influenced by the Isla Refinerid petrochemical complex.
The 2011 concentration distribution profiles illustrate both a petrogenic and
pyrogenic signal (Figure 6). The profile for the upwind and downwind stations
were both dominated by the low molecular weight compounds (2 - 3 rings) and
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Figure 6. Concentration distribution profiles for ambient PAHs collected upwind and downwind of the Isla Re-

finerid petrochemical complex in Curagao during 2011 and 2014.
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the fluorene (FLU) and dibenzothiophene (DBT) series demonstrate a classic
bell-shape curve indicative of petrogenic sources, whereas, the naphthalene
(NAP), phenanthrene/anthracene (PHN/ANT) and fluoranthene/pyrene (FLA/PYR)
series were all dominated by the parent compound with decreasing concentra-
tion with increasing alkylation, indicative of a pyrogenic source. The 2014
downwind and upwind PAH profiles demonstrate a stronger petrogenic signal
illustrated by the majority of LMW compounds (2 - 3 rings) and most of the
homologue series illustrate the classic bell shape characteristic of petrogenic
sources, with the exception of the FLA/PYR series (Figure 6).

Overall, the concentration profiles for both the 2011 and the 2014 upwind and
downwind sites were all dominated by low molecular weight compounds sug-
gesting a strong petrogenic source, while the distribution profiles also suggested
a strong petrogenic signal and to a lesser extent, a pyrogenic signal.

Binary Diagnostic Ratios. Binary diagnostic ratios have been useful in identi-
fying emission sources and their contributions to ambient air concentrations in
order to distinguish between different sources, such as petrogenic (hydrocarbons
associated with petroleum), pyrogenic (hydrocarbons associated with incom-
plete combustion) or phytogenic (hydrocarbons derived from plants) [19] [37]
[45] [46]. Studies have been able to differentiate between vehicular and non-traffic
emissions, diesel and gasoline combustion, different crude oil processing and
biomass burning [19] [41] [47] [48] [49]. However, each of the diagnostic ap-
proaches has its limitations and uncertainties. For instance, the ratios of anthra-
cene/(anthracene + phenanthrene) [ANT/(ANT + PHE)] may be strongly in-
fluenced by photoreactions resulting in ratios close to 1, whereas photoreactions
can result in higher values for the fluoranthene/(fluoranthene + pyrene)
[FLA/(FLA = PYR)] ratio [37] [50]. Consequently, more than one diagnostic ra-
tio should be used to confirm the indicated source(s).

The PAH binary diagnostic ratios for the 2011 and 2014 air samples indicated
a combination of both petrogenic and pyrogenic sources depending on the ratio
(Table 1). Two (Blauw/Curasol site #2011-014, and Parasasa site #2011-015) of
the 15 sites sampled in 2011 had non-detectable levels of the parental PAH di-
agnostic ratios and were therefore eliminated from the analysis. The low mole-
cular weight to the high molecular weight compounds (LMW/HMW > 1 [47]),
phenanthrene to phenanthrene plus anthracene (PHN/(PHN + ANT) = ~0.98
[45]) and the phenanthrene to anthracene (PHN/ANT > 10 [46]) from all the
2011 sites suggested a dominant petrogenic (ie. petroleum, refinery) source.
Fluoranthene to fluoranthene plus pyrene [FLA/(FLA+PYR) > 0.5 [19] [36]]
suggested a pyrogenic source of grass, wood or coal combustion (>0.5) (Table
1). Fluoranthene to pyrene (FLA/PYR > 1 [45] [46]) also suggested a pyrogenic
source mainly of coal combustion. The benzo[a]chrysene to benzo[a]chrysene
plus chrysene [BaA/(BaA + CHR) > 0.35 [47] [48]] indicated combustion as a
source. The additional four ratios [BaP/(BaP + CHR)] [IND/(IND + BghiP)]
[IND/BghiP] [BaP/BghiP] are primarily used to discriminate between pyrogenic

sources (Ze. gasoline vs diesel) however either one or both of the parent compounds
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Table 1. The 2011 and 2014 site specific binary diagnostic ratios used in this study to elucidate between petrogenic (petro) and
pyrogenic (pyro) emission sources.

Sample ID Neighborhood LMW/HMW PHN/(PHN + ANT) PHN/ANT FLA/(FLA + PYR) FLA/PYR BaA/(BaA + CHR)
2011-001 Habaai 12 0.97 34 0.66 2.0 0.49
2011-002 Groot Piscadera 14 0.97 35 0.67 2.0 0.56
2011-003 Boka Sami 19 0.97 34 0.67 2.1 0.59
2011-004 W. Piscadera Baai 47 0.97 37 0.68 2.1 <IDL
2011-005 Rooi Catochi 22 0.98 54 0.67 2.7 <IDL
2011-006 Nieuw Nederland 18 0.97 35 0.70 24 0.36
2011-007 Marie Pampoen 17 <IDL <IDL 0.77 3.4 <IDL
2011-008 Buena Vista 9.4 0.96 23 0.66 2.0 <IDL
2011-009 Buena Vista 33 0.97 32 0.64 1.8 0.44
2011-010 Heintje Kool 10 0.97 29 0.64 1.8 0.36
2011-011 Roosendaal 12 0.97 31 0.66 2.0 <IDL
2011-012 Marchena/Wishi 13 0.96 26 0.62 1.6 0.40
2011-013 E. Piscadera Baai 10 0.97 31 0.65 1.8 0.21
2011 Mean ratio and Dominant Source 17 0.97 33 0.70 21 043 ‘(Pym > 0'35,_ 05

(Petro > 1) (Petro ~ 0.98) (Petro > 10) (Pyro > 0.5) (Pyro > 1) vehicle combustion)
2014-001 Toni Kunchi 5.6 0.92 12 0.71 2.5 0.38
2014-002  Groot Davelaar/Joonchi 9.9 0.88 7.6 0.68 2.2 0.42
2014-003 Rooi Catochi 0.18 <IDL <IDL 0.66 1.9 0.40
2014-004 Emmastad 0.66 0.87 8.0 0.60 1.4 0.45
2014-005 Beth Haim (Marchena) 11 0.89 9.1 0.52 1.1 0.37
2014-006 Habaai 35 0.90 9.3 0.57 1.3 0.37
2014-007  Welgelegen (Veld Salu) 10 0.89 7.7 0.39 0.65 0.25
2014-008 Punda 2.6 0.95 21 0.65 1.9 0.34
2014-009 Pietermaai/Salina 0.66 0.88 7.2 0.59 1.4 0.40
2014-010 Steenrijk 1.7 0.92 11 0.65 1.9 0.38
2014-011 Zeelandia 3.7 0.85 5.7 0.61 1.6 0.47
2014-012 Rooi Catochi 5.1 0.87 6.6 1.0 <IDL 0.47
2014-013 Biesheuvel 3.4 0.87 6.6 0.61 1.6 0.51
2014-014 Emmastad 1.4 0.87 6.7 0.60 1.5 0.45
2014-015 Brievengat/Groot Kwartier 1.6 <IDL <IDL 0.65 1.8 0.32
2014-016 Suffisant 3.6 0.83 4.8 0.65 1.9 0.40
2014-017 Buena Vista 7.6 0.86 9.1 0.51 1.0 0.37
2014-018 Buena Vista 6.7 0.89 8.4 0.58 1.4 0.45
2014-019 Wanapa 2.1 0.81 4.2 0.62 1.6 0.45
2014-020 Buena Vista 4.2 0.86 6.2 0.64 1.8 0.43
2014-021 Buena Vista 14 0.86 6.1 0.58 1.4 0.42
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Continued

2014-022 Roosendaal (Peroweg)
2014-023 Marchena
2014-024  Parasasa (Piscaderaweg)
2014-025 Parasasa
2014-026 Wishi

2014-027 Gasparitu (Roosendaal)

2014-028 Suffisant
2014-029 Domi/Welgelegen
2014-030 Nieuw Nederland

2014 Mean Downwind Ratios
and Dominant Source

2014 Mean Upwind Ratios
and Dominant Source

2.2 0.94 15 0.63 1.7 0.40

7.3 0.89 7.9 0.52 1.1 0.39

4.9 0.89 8.3 0.58 1.4 0.41

2.4 0.91 10 0.56 1.3 0.35

9.2 0.89 8.4 0.55 1.2 0.41

5.6 0.90 9.4 0.59 1.5 0.42

39 0.88 7.1 0.62 1.6 0.42

6.8 0.89 8.0 0.60 1.5 0.37

2.6 <IDL <IDL 0.64 1.8 0.50

6.7 0.82 8.6 0.56 1.3 0.39 (Pyro > 0.35- 0.5
(Petro > 1) (Pyro < 10) (Pyro > 0.5) (Pyro > 1) vehicle combustion)

3.2 0.83 8.5 0.66 1.8 0.42 (Pyro > 0.35- 0.5
(Petro > 1) (Pyro < 10) (Pyro > 0.5) (Pyro > 1) vehicle combustion)

Acronym definitions: LMW = Low Molecular Weight; HMW = High Molecular Weight; PHN = Phenanthrene; ANT = Anthracene; FLA = Fluoranthene;
PYR = Pyrene; BaA = Benzo[a]Anthracene; CHR = Chrysene.

were not detected at 14 of the 15 sites collected in 2011 and therefore, were not
included in the diagnostic ratio analysis [19] [48] [49].

The PAH diagnostic ratios for the 2014 air samples also indicated a combina-
tion of both petrogenic and pyrogenic sources depending on the ratio (Table 1).
Similar to the 2011 samples, the low molecular weight to the high molecular
weight compounds (LMW/HMW > 1) at all of the 2014 sites indicated a dominant
petrogenic source. Phenanthrene to phenanthrene plus anthracene [PHN/(PHN +
ANT)] suggested a combination of petrogenic and pyrogenic sources with po-
tential influences from crude oil (PHN/(PHN+ANT) = ~0.98), used motor oil
[PHN/(PHN + ANT) = ~0.78] and gasoline vehicle emissions [PHN/(PHN +
ANT) = ~0.77£12]. Similar to the 2011 air samples, the fluoranthene to fluoran-
thene plus pyrene [FLA/(FLA + PYR) > 0.5] ratios suggested a pyrogenic source
of grass, wood or coal combustion (>0.5), fluoranthene to pyrene (FLA/PYR > 1)
suggested a pyrogenic source mainly of coal combustion and benzo[a]chrysene
to benzo[a]chrysene plus chrysene (BaA/(BaA + CHR) > 0.35) indicated com-
bustion as a source.

As a result, the diagnostic ratios used in this study, suggested both petrogenic
and pyrogenic sources. The LMW/HMW, PHN/(PHN + ANT), and the PHN/ANT
ratios all indicated a dominance of a petrogenic source for all of the 2011 sites in
this study. The PHN/(PHN + ANT) ratio for all the 2011 sites were between 0.96
and 0.98 which are close to the values found for crude oil (0.98) [45]. In addi-
tion, the ratios for FLA/(FLA + PYR), FLA/PYR and BaA/(BaA + CHR) indi-
cated the presence of pyrogenic (Ze. coal) and combustion sources. Similarly, the
diagnostic ratios calculated for all the 2014 sites indicated a combination of pe-
trogenic and pyrogenic sources. It is also important to note, that interpreting

diagnostic ratios should be done with caution as values may change with envi-
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ronmental fate as well as with vapor and particulate phases.

Factor Analysis and Principal Components Analysis. The factor analysis and
principal components revealed three factors or potential emission sources for
the 2011 air samples, explaining 89% of the variance in the dataset (Figure 7).
Factor 1 accounted for 73% of the variance, followed by factor 2 accounting for
10% and factor 3 accounting for 6% of the variance. The indicatory PAHs iden-
tified in factor 1 accounting for 73% of the total variance in the dataset were
acenaphthylene, acenaphthene, fluorene, dibenzothiophene, phenanthrene, anth-
racene and pyrene. A previous study investigating PAH emissions from various
industrial stacks in Taiwan had identified acenaphthylene, acenaphthene and
anthracene as the indicatory PAHs of a cement plant [51]. Additionally, fluo-
rene, phenanthrene, anthracene and pyrene are also considered predominant
coal combustion tracers [47] [52]. Factor 2 accounts for 10% of the variance and
is heavily weighted with benzo[b]fluoranthene, benzo[k]fluoranthene, ben-
zo[a]pyrene, indeno[1,2,3-cd]pyrene and benzo[g,h,i]perylene, all of which have
been associated with vehicle emissions. Factor 3, which accounts for 6% had on-
ly one dominate PAH, dibenzo[a,h]anthracene. Dibenzo[a]anthracene has been
previously associated with vehicle emissions; however by itself, it may not have a
specific source meaning [47].

Although there is no known source of coal combustion on the island, the re-
finery not only produces asphalt (<1%) but its utilities are mainly fueled by as-
phalt, more commonly referred to as bitumen [53]. The differences between bi-
tumen and coal can be characterized by not only there PAH concentrations but
also there compositional signature. Greater proportions of alkylated phenanth-
rene homologues, as well as the more stable isomers, chrysene, benzo[e]pyrene
or benzo[g,h,i]perylene are commonly found in petrogenic PAH sources such as
crude oil, bitumen and asphalt. In contrast, pyrogenic PAHs, such as coal tar,
tend to be dominated by phenanthrene, fluoranthene, pyrene and a greater pro-
portion of the less stable isomers, benzo[a]anthracene, benzo[a]pyrene and in-
denol[1,2,3-cd]pyrene [48] [54]. Therefore, the refinery’s asphalt fuel source may
help to explain the factor loadings seen in the 2011 samples since they were
dominated by indicatory PAH of petrogenic sources for crude oil, bitumen and
asphalt (Ze. acenaphthylene, acenaphthene, anthracene, and pyrene). This is also
supported by the 2011 BaA/(BaA + CHR) ratios observed (0.21 - 0.59). Asphalt
ratios have been reported to be between 0.16 - 0.39 whereas coal tar has ratios
between 0.51 - 0.56.

The 2014 downwind and upwind sites revealed different factor loadings sug-
gesting the influence of different emission sources. The factor analysis for the
2014 locations downwind of the refinery revealed four major factors or potential
emission sources, explaining 89% of the variance. Factor 1 accounted for 44% of
the contribution and was dominated by the low molecular weight compounds
(fluorene, dibenzothiophene, phenanthrene and anthracene), suggesting petro-
genic sources (Figure 7). Similar to the 2011 factor loadings, asphalt, cement,

and coal indicator PAHs are also observed albeit to a lesser degree. Additional
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Figure 7. Factor loadings using principal components extraction from the 2011 and the
2014 ambient PAH concentrations in Curagao. Solid circles represent those analytes with
factor loadings > 0.80 and indicate the significant PAHs for each factor that characterize

the sampled area.
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influences are seen in factors 2 - 4 with the signals from petrogenic (i.e. fluoran-
thene) as well as the high molecular weight PAHs associated with pyrogenic
sources. Factor 3, accounting for 15%, is dominated by indeno[1,2,3-cd]pyrene
and dibenzo[a] [h]anthracene. Factor 4, accounting for 12%, is dominated by ben-
zo[a]pyrene and perylene. Indeno[1,2,3-cd]pyrene and dibenzo[a] [h]anthracene are
typically associated with vehicle emissions and benzo[a]pyrene has been associated
with both vehicle emissions and oil combustion [47].

In contrast, the upwind sites sampled in 2014 revealed only 2 factors explain-
ing 77% of the variance. The two factors 1 and 2, accounted for 39% and 37%,
respectively, suggesting a relatively homogeneous mixture of emission sources
(Figure 7). Factor 1 was dominated by the low molecular weight compounds (flu-
orene, dibenzothiophene, phenanthrene) indicative of petrogenic sources as well
as pyrogenic sources (Ze. indeno[1,2,3-cd]pyrene). Benzo[g,h,i]perylene was also a
dominant indicator PAH in factor 1 and has been associated with both pyrogenic
(e.g. vehicle emissions) as well as petrogenic sources (e.g. crude oil, bitumen, as-
phalt). Factor 2 is dominated by fluoranthene, pyrene, benzo[a]anthracene and
chrysene. Fluoranthene, pyrene and chrysene are indicative of coal combustion

and benzo[a]anthracene is indicative of oil combustion.

4. Conclusion

In general, ambient PAH concentrations in Curagao were consistent with other
urban and industrialized regions of the world; however, the levels measured
downwind of the Isla Refinerid petrochemical complex were among some of the
highest reported ambient PAHs globally. The mean ambient PAH levels down-
wind of the refinery were significantly higher than those located upwind with no
temporal differences between 2011 and 2014. Source characterization through
the use of concentration and distribution profiles, binary diagnostic ratios and
factor analysis revealed both petrogenic (ie. refinery) and pyrogenic (ie. vehi-
cular) emission sources. The sources of ambient PAHs downwind of Isla Refine-
rid were dominated by petrogenic emission sources and to a lesser degree pyro-
genic emissions, whereas, the upwind locations appear to be equally influenced
by both petrogenic and pyrogenic emissions sources. To our knowledge, this is
the first study quantifying ambient levels of PAHs in Curagao, which will be as-
sist regulatory agencies and public health officials in elucidating emission
sources and assessing potential human health risks associated with petrochemi-

cals.
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