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Abstract

Passive samplers have been demonstrated to acdantuwtdrophobic organic compounds
proportional to the dissolved concentration presenthe surrounding water column. The
accumulated concentration in the passive samplars lme converted into the dissolved
concentration by using equilibrium partitioning ffagents (Kes.) at a specific temperature and
salinity. In this study, the #..w between water and two passive samplers, polyatay{PE)
sheets and solid-phase micro-extraction (SPMEYdibeere derived theoretically for a suite of
polycyclic aromatic hydrocarbons (PAHSs), and thesrified experimentally at the extreme
temperatures and hyper-saline conditions similathtise found in the Arctic. In subsequent
studies, the experimentally derive@dd<yvalues were utilized to derive water concentraiona
simulated oil spill and a field deployment in Nayaasett Bay. Both the SPMEs and PEs were
reliable options to determine water concentrationsng an oil spill, while PEs appear to be a
more valuable tool at consistently capturing backgd concentrations of PAHs present in the
environment. The passive samplers, with the \estifkKesw values, can be used to better
understand the fate and transport of PAHs in thtarahwaters including those found in the
Arctic environment.
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1.0 Introduction

With the decreasing extent of the polar ice caps @sult of global climate change as well as
advances in technology, anthropogenic activityhm Arctic region is projected to increase
(Raineault & Sher 2009). Internationally, theramsinterest in expanding vessel traffic as well
as the exploration of oil and gas reserves in tteié\(Raineault & Sher 2009), all of which
increase the likelihood of a release of oil andaas their constituents (i.e., polycyclic aromatic
hydrocarbons) into the environment; hence theamiargent need to better understand the
impact of anthropogenic activities, specifically gpills, to this unique environment.

An example of the effects of increased anthropagadiivities in the Arctic is the increased
potential for oil spills. When oil is spilled intbe Arctic environment, it can become frozen and
trapped in the ice sheet. The ice can be pushedrgnts to a new environment and melt ,
potentially further extending the toxic effectstioé oil (Faksness 2008). Polycyclic aromatic
hydrocarbons (PAHS) are hydrophobic compounds amdrmaongst the most toxic compounds
present in oil (Singer et al. 2000). As salt wditeezes, the water molecules arrange into a
crystalline formation, which forces the salt molesuout forming a hypersaline or brine solution
between the crystals. The brine then forms channahe ice. These brine channels are thought
to transport PAHSs through the ice. Some studiggest that there is a downward migration of
dissolved PAHSs through brine channels (Faksnessafadrik 2005). In contrast, Otsuka et al.
(2004) reported an upward migration of bulk oibine channels during melting. Further
investigation into the fate and transport of thesepounds is necessary to evaluate the
environmental risk of PAHSs in the arctic environrmen

Passive samplers have been proven to accumulatgocmms, such as PAHSs, in proportion to
the dissolved concentration of the compound prasethie aquatic environment (Mayer et al
2003). Passive samplers are a useful alternatigeriventional direct measurement of
environmental phases (i.e. liquid-liquid extrac}issuch as water and sediment, for studies
completed to derive bioaccumulation and bioavdilgbMhen passive samplers are deployed to
measure PAHs in the water column, only the disgbtwebioavailable fraction present in the
water column is accumulated (Mayer et al 2003)sddiments, passive samplers reflect the
concentration of contaminants dissolved in the wattesent within the sediment, also called
porewater (Friedman et al. 2009). It is the cotegion of compounds in the porewater that
most closely reflects their bioavailability and centration in benthic organisms (Friedman et al.
2009; Tomaszewskia & Luthy 2008). PAHs sorbedadiges or colloids in the water column

or in sediments are no longer bioavailable andldfieult to separate from the truly dissolved
and bioavailable PAHs (Namiesnik et al. 2005). §;iwhen water is sampled for PAHSs using
conventional methods, the dissolved concentratwe®often overestimated due to the inclusion
of PAHs associated with colloids. Passive sam@ersalso a preferred method for measuring
PAHSs for their ease of sampling, lower detectiomt in the field, and minimization of
contaminated blanks (Namiesnick et al. 2005). iRasamplers can often be an inexpensive and
reliable option compared to conventional methodsniisnick et al. 2005).

As stated above, passive samplers take up compaupdgportion to the dissolved

concentration present in the environment until Bguiim between the passive sampler and the
dissolved concentration is reached. Until equilibriis reached, the passive samplers reflect a
time averaged concentration. If the sampler isajgg longer than needed for equilibrium to be



reached, the results will reflect the more recepbsure. Conventional methods of water
analysis take samples at a discrete point in tregresenting the concentration only at that time.
Depending on the circumstances of the sample ¢mtecsuch as currents, changing tides, losses
to the atmosphere, or other environmental factbesgdiscrete sample is not an accurate
representation of the overall concentrations ineitn@ronment. The time averaged

concentration determined from passive samplingnmoee appropriate reflection of the longer-
term exposure in the environment.

Though passive samplers are an excellent optioageessing dissolved PAH concentrations,
their performance has not been tested under thsh ltanditions of the Arctic environment.
Polyethylene samplers (PEs) and solid phase mitraation (SPMES) fibers, which are optical
fiber with a poly(dimethylsiloxane) coating, areottypes of passive samplers that have been
proven effective at assessing environmental conaons of organic pollutants (Adams et al.
2007; Cornelissen et al. 2008). When used in themcolumn, a passive sampler (PS) takes up
organic pollutants until equilibrium is reachedvetn the two phases, the passive sampler as
one phase, and the water column as another. Bquih is defined as the distribution of a
chemical in two phases as governed by the freeggrier this process. At equilibrium, no net
change in concentration between the phases oceeargime. Equilibrium partitioning
coefficients are used to represent this relatignskiquilibrium partition coefficients (#s.\) are
generally determined in the laboratory under steshdanditions and are used to relate the
passive sampler concentratiorb§to the dissolved concentration in the water coly@y;
equation 1).

Cps
Kps-w =2 @)

Kps.wis the ratio of the concentration of the compoumthe passive sampler (e.g., ng/uL) over
the concentration of the compound in the water.(egfuL) under standard conditions. If the
Kps.wis known for a compound and a PS is deployedaretivironment, the concentration of
the water (i.e., dissolved) can then be calculated

Cps
Cyw = P 2)
PS—W

When samplers are deployed in the environmentait take an extended period of time for
equilibirum to be reached. To assist in evaluatitggextent of equilibirum reached by the
compounds of interest in the sampler during fiedgldyment and to allow the use of shorter
deployment periods, performance reference compo{Ri@€s) may be applied (Booij et al
2002). PRCs are compounds that are chemicallyasinoi the compounds of interest, but are
unlikely to occur in the environment. For examiabon labeled or deuterated molecules
(PAHSs) can serve as PRCs. PRCs are impregnatekinamwn concentration in the passive
sampler prior to deployment. By determining thaamtration of PRCs along with the
contaminants of interest in the passive sampler adicovery, the extent of equilibirum reached
can be determined through the calculation of alates k (equation 3):



c
k, = —In (M) t1 ©)

Cpre(t)

where € is the concentration of a PRCs at time zero drid the concentration after t time of
the deployment. Since there is only a loss ofdlmsnpounds from the passive sampler, their
loss rate is assumed to be similar to the uptakleeotompounds of interest (Adams et al 2007).
Thus, PRCs can be employed to infer the extentjailibrium of the compounds of interest
reached after a given deployment duration. The late (k) tends to decline with increasing
molecular weight and increasing logd<yand can be calculated through assessing the
concentrations of the PRCs at time zero and afjgogure time, as seen in equation 5.
Concentrations of the PRCs can be evaluated afatth@us sampling intervals and theand

% lost can be determined:

% lost = [1 — (M)] x 100 @)

Cprc(0)

The percent loss can be calculated to predictithestnecessary for other PAHs to reach 95%
equilibrium in the field under turbulent conditions conditions in the field were not turbulent
and samplers did not reach equilibrium, then PREsbe used to correct for non-equilibrium. If
ke, Kps-w the concentration in the passive sampleg)(@nd time (t) are known, thenyGt
equilibrium will be:

_ Cps
CW o (1—e—ke*t) Kps_w ®)

As noted above, thed§.wis usually experimentally determined at standandperatures (20 - 25
°C) and zero salinity. It has been shown thatah&ia temperature and salinity effect on the.K
w (Adams et al 2007), so it needs to be adjusteddoess the varying conditions present in the
environment where the passive samplers are depl@auvarzenbach et al. 2003). As the
temperature of the environment decreases, as $tiddbee Arctic environment, the partitioning
of the compound into the passive sampler incredisedo decreased solubility (Schwarzenbach
et al. 2003). Due to the lower solubility in thater column and their high hydrophobicity, it is
more energetically favorable for the compoundsatdipon into the passive sampler. As the
salinity of the environment increases, as seemiielthannels in the Arctic, the compounds are
less soluble and “salting out” occurs increasirgphrtitioning of the compound into the passive
sampler (Schwarzenbach et al. 2003). Again, viighitigher salt content and the decreased
solubility, it is more energetically favorable fibre compounds to partition into the passive
sampler, therefore increasing thesKy.

The effects of temperature and salinity on the.l&can be calculated using the van’t Hoff
(equation 6) and Setschenow equations (equatiaespectively (Schwarzenbach et al. 2003).
The van't Hoff equation uses the compound’s enthaffphase changé\; kJ/mol), the gas
constant (R; kJ/mol-K), the temperaturgsk was originally determined at,Tand the
temperature that thepg.\is desired at T:



KPS—W(Tl) = KPS—W(TZ) exp [_IATH (Til_T_t)] (6)

The Setschenow equation modifies thelyat a salinity of zero and adjusts it utilizing the
empirical Setschenow constantgfand the molar concentration of salt, [salt], présn the
water, as shown below:

O+KS*[salt] @

Kps_wsair) = Kps—wo) X1
Both of these equations have been proven relidbt@derate temperatures (30°C to 2°C;
Adams et al. 2007) and salinities (0 to 36.7 pge;ef al. 1997). Yet, Ks.wfor SPMEs and PEs
have not been validated at low temperatures andrbggdine conditions, as those found in the
Arctic ice sheet (as low as -40°C) and brine chnfexceeding 100 psu; Thomas & Dieckman
2003). For passive samplers to be reliably utilizethe unique environment of the Arctic to
investigate the fate and transport of oil, the terafure and salinity effects on the equilibrium
partitioning coefficients need to be validated.

20  Objectives

In this study, the equilibrium partitioning coeféat between PEs and waters@,) and SPMEs
and water (Kpme-w) at various salinities and temperatures were &atied and compared to the
experimental values obtained under controlled amdsrd laboratory conditions. Once these
equilibrium partitioning coefficients are verifieshder Arctic-like conditions, these passive
samplers will be valuable tools to assess the beha’PAHs under these unique conditions.
To test this premise, a mock oil spill was createthe laboratory to evaluate the effectiveness of
the passive samplers. The passive samplers wsar@l@ployed in Narragansett Bay in March to
assess the hardiness of the passive samplers @uciolg water field deployment. In the event
an oil spill should occur, which unfortunately mevitable with the increase of vessel traffic and
oil exploration in the Arctic, passive samplers bandeployed to track PAH concentrations
throughout the affected area to help in damagesasgnt and to assist in remediation efforts.

3.0 Methods

Overview. This research was composed of multiple stepsuwied in both the laboratory and

the field. First, PAH solutions to be investigateere prepared. The passive samplers were then
impregnated with preformance reference compounBEEp. After that, passive samplers were
exposed to water enriched with PAHs and alloweelalibrate at various temperatures and
salinities to derive the g6.wvalues. These experimentatdiyvalues were then compared to
theoretically derived values obtained through tAe’'vHoff and Setschenow equations

(equations 5 & 6). To evaluate these results,rerdaboratory experiment was conducted to
simulate oil spill conditions using crude oil. Elly, the passive samplers were deployed in cold
water conditions in Narragansett Bay to verify therdiness and usefulness under field
conditions.

Targeted oil compounds. Since the overall focus of this research wasvestigate the fate and
transport of oil in ice, 53 native PAHSs that arencoonly present in oil were identified and used




to prepare a laboratory standard curve ranging fower molecular weight components (e.g.,
naphthalene) to compounds of higher moleculearht€&yg., chrysene and benzo(a)pyrene)
(Table 1). Additionally, three deuterated compametre utilized as PRCs (Table 2). Different
deuterated PAHs were also used as internal sugeg@aid injection standards (Table 3). All
native compounds and PRCs were precisely measuied PAH mixture at a known
concentration. This solution was combined witleinal surrogates and injection standard to
generate a six point laboratory standard curve wvatlying concentrations. Native PAH
concentrations, PRCs and injection standard coratén varied in each point of the curve,
while the internal surrogate concentration was kepistant. This allowed for proper
guantification of concentration of samples on the ghromatogram/mass spectra (GC-MS).

NIST Sandard Calibration. A National Institute of Standards and Technol@gisT) PAH
standard was purchased to calibrate the PAH stdrudewve used to analyze all samples
prepared. NIST standard reference material (SRMYA is a solution in toluene containing 36
aromatic hydrocarbons and primary PAHs (TableEiyphteen of the PAHSs were present in the
laboratory standard curve (Table 4). The NIST damjas not altered prior to analysis and
100 uL was added directly to an insert vial alonthwaboratory internal surrogates and
injection standard. The NIST standard was analyzeliplicate and the concentrations
averaged to compare to the laboratory standardecrations. This was completed once to
validate the standard curve concentrations.

Passive samplers. For all experiments, polyethylene, 25 pum in thiegs, manufactured by a
commercial sheeting company (Carlisle Plastics, Minneapolis, MN, USA) was purchased
from a local hardware store. SPME fibers were aedqurom Polymicro Technologies, LLC,
(Pheonix, AZ, USA) with a poly(dimethylsiloxane)atong thickness of 50 um and a total
diameter of 160 um. Passive samplers were pr&tem solvents twice, PES in
dichloromethane (DCM) and SPMEs in methanol, pioause. For the laboratory portion of the
study, PEs were cut into small pieces with a méspproximately 0.09 mg (ca. 1 ém For the
field deployment, PEs were cut into sheets of agprately 1.5 g (ca. 15 cm long by 5 cm
wide). SPMEs were cut into 10 cm sections andketll in both the laboratory and field
experiments. Once samplers were retrieved fronvdhieus experiments, they were extracted in
hexane and internal surrogates added at the tiragtfction. The extracts were then
concentrated under a flow of nitrogen gas. Ingatstandard (external standard) was added
prior to analysis with gas chromatography/masstspeetry (GC/MS) (Agilent, Santa Clara,
CA, USA) and quantified using ChemStation software.

Concentrations of PAHs and PRCs in both passivekasmwere normalized to the weight (PE)
and volume (SPME) of the passive sampler utilizB&s were weighted on an analytical
balance, while the SPME volume was determine byethgth of SPME utilized multipled by the
PDMS coating dimensions determined by the manufactu

Instrument Analyses. All samples were analyzed for PAHs on an Agigs®0 CG coupled to an
Agilent 5973N MS operated in the negative electoonization mode. The GC/MS was
operated in splitless mode with an Agilent J&W DBS column (30 m, internal diameter

250 um) installed for the majority of the sampléssample volume of 1 pL was injected via
autosampler into the injection port, which was neimed at 275 °C and the MS transfer line at
280 °C. The column flow was held constant at 2mifi’. The temperature program for all




Table1l. PAHSs investigated in this study

Compounds of Interest

Molecular Weight

Phenol 94
m-Cresol 108
p-Cresol 108
0-Cresol 108
2,3-Dimethyl phenol 122
3,4-Dimethyl phenol 122
p-Ethyl phenol 122
m-Ethyl phenol 122
0-Ethyl phenol 122
Naphthalene 128
2,3,5-Trimethyl phenol 136
2,4,6-Trimethyl phenol 136
2-Methyl naphthalene 142
2,3,5,6-Tetramethyl phenol 150
Acenaphthylene 152
Acenaphthene 154
Biphenyl 154
1,5-Dimethyl naphthalene 156
Fluorene 166
2,3,5-Trimethyl naphthalene 170
2-isopropyl naphthalene 170
Phenanthrene 178
Anthracene 178
2-Methyl fluorene 180
1,4,6,7-Tetramethyl naphthalene 184
1,2,5,6-Tetramethyl naphthalene 184
Dibenzothiophene 184
4,5-Methylene phenanthrene 190
1-Methyl phenanthrene 192
9-Methyl anthracene 192
9-Ethyl fluorene 194
2-Methyl Dibenzothiophene 198
Pyrene 202
Fluoranthene 202
3,6-Dimethyl phenanthrene 208
9-n-Propyl fluorene 208
1,2-Dimethyl dibenzothiophene 212
2,6-Diisopropyl napthalene 212
1-Methyl pyrene 216
1,2,5/1,2,7-Trimethyl phenanthrene 220
2,4,7-Trimethyl dibenzothiophene 226
Chrysene 228
Benz(a)anthracene 228
Retene 234
1-Methyl chrysene 242
Benzo[a]pyrene 252
Perylene 252
Benzo(b)fluoranthene 252
Benzo(h)fluoranthene 252
7,12-Dimethyl benz(a)anthracene 256
Benzo(g,h,i)perylene 276
Indeno(1,2,3-c,d)pyrene 276

Dibenzo(a,h)anthracene

278




Table2. Deuterated compounds utilized as PRCs in this study

Perfomance Refer nce Compounds

Molecular Weight

Napthanlene-gd 136
Pyrene-gl, 212
Benzo[a]pyrene-g 264

Table 3. Deuterated compounds employed as internal surregaie injection standards

Internal Surrogates

Molecular Weight

Acenaphthene-g 164
Phenanthrenesd 188
Chrysene-¢, 240
Perylene-g, 264
Injection Standard Molecular Weight
p-terphenyl-g, 244




Table4. PAHSs contained in NIST standard reference materZ#@0a and their corresponding

concentrations
Compound Concentration (ug/mL)
Naphthalene 9.89+ 0.2¢
Biphenyl 4.85+0.12
Acenaphthylene 5.41+0.17
Acenaphthene 4.80+0.11
Fluorene 4.07 +0.10
Dibenzothiophene 3.80+0.1¢
Phenanthrene 10.01+ 0.1C
Anthracene 3.231+ 0.04%
4H -Cyclopentadef Jphenanthrer 2.01+0.1C
Fluoranthene 7.200_+0.075
Pyrene 7.741+ 0.072
Benzophi Jfluoranthene 2.953 6.039
Cyclopentagd Jpyrene 1.694 ©.021
Benzok]phenanthrene 3.9866.031
Benzop]anthracene 3.819 8.067
Chrysene 4.00+0.10
Triphenylene 3.56 +0.14
Benzop]fluoranthene 6.80 0.09
Benzoj ]fluoranthene 3.585 6.084
Benzok]fluoranthene 2.979 6.031
Benzol[a]fluoranthene 1.971 +0.055
BenzoR]pyrene 3.945 0.047
BenzoE]pyrene 4.07 49.15
Perylene 3.83 +0.039
Indeno[1,2,3ed]pyrene 3.828 0.026
Benzophi Jperylene 4.904 ©.060
Dibenzop,hJanthracene 3.940 6.054
Dibenzop,c]anthracene 2.5196.022
Dibenzop,j Janthracene 3.926 6.054
Picene 2.817 +0.041
Benzop]chrysene 3.540 ©.029
Anthanthrene 1.907 +0.025
Coronene 1.951 +0.029
Dibenzop,h]pyrene 2.518 ©.082
Dibenzop,k]fluoranthene 1.424 9.059
Dibenzop,e]pyrene 1.970 ©.020




samples was as follows: hold 60 °C for 3 min, éased to 110 °C at 5 °C rifimnd held at
temperature for 2 min, inreased to 200 °C at 8 i€ and finally increased to 315 °C at
5 °C min’ and held for 5 min. The total method run-time \B4<25 min.

All samples were analyzed in the selected ion nooinig (SIM) mode on the MS. The ratio of
the two most abundant ions, and for some compotlais oharacteristic ions, were monitored
for each compound investigated. PAHs were idettiby retention time and confirmed through
the compounds mass spectra. Quantification wasrdated through a 6-point calibration curve
which included the native PAHSs, PRCs, internal dsads and injection standard (Tables 1-3).
The calibration curve was run with each set of damfapproximatley 30 — 40 samples per set)
and one point of the curve was re-run every 10 $ssnplhe detection limit of the calibration
curve was 10 pg it

Performance Reference Compounds. The first step in the laboratory research was to
reproducibly enrich the passive samplers with PR@sthods to accomplish this were modified
from Booij et al. (2002) for the PEs and ter Laakle(2008) for the SPME fibers. More
specifically, a solution of 80% pure water (18.22Mm™* Milli-Q © filtered water) and 20%
methanol was prepared. PRCs were then addediatsaoncentrations and the solution stirred
prior to including passive samplers. A metal rackde out of fiberglass screen and stainless
steel wire was fabricated in which the SPME fibeese placed to protect and separate them
while on the shaker table, thereby allowing mond¢ae area exposed to the PRC solution
(Figure 1). Flasks with SPME fibers were placech@haker table, while flasks with PEs were
stirred until equilibrium was achieved with the PlRG@nce PRC concentrations within the
passive samplers were within an acceptable rangaaf other (30%) the next step was to
assess the loss rate, &f the PRCs. The loss rate was determined bysunem the PRC
concentration in the passive sampler prior to dgpknt and again after recovery (equation 3).
Loss rates had already been investigated for SiRIRCs in PEs (unpublished data, Dekany
2007), so only SPME loss rates were evaluatechisrrésearch. The PRC concentration in the
SPMEs was determined prior to the experiment (tn®¢ by GC/MS. SPME loss rate
investigations were conducted in the laboratoryentdrbulent flow condition (1 L/minute).

Tap water entered the top of an Erlenmeyer filesk, flowed over the SPMEs then left out the
side vent where the flow was verified (Figure Pnce flow was verified, sampling time began
and the flask was covered in aluminum foil to préva&inlight penetration. SPMEs were
removed in triplicate at the following samplingentals: 1, 2, 4, 8, 12, 16, 24, 36, 60, and 108
hours. SPMEs were extracted as previously merdiané loss rates determined as in equation
4 for each PRC.

Equilibrium partition coefficients. Equilibrium partition coefficients were determiniecthe
laboratory for various PAHs (Table 1). In climatntrolled rooms, tests were performed to
cover the range of temperatures and salinities aomiyrfound in the marine environment,
especially conditions present in the Arctic enviramt (Thomas & Dieckman 2003; Table 5).
Water samples were prepared at various saliniz4S, (100 and 35 psu) using pure water (18.2
MQ cm* Milli-Q © filtered water) and Instant Océaar Sigma-Aldrich salt mixture, which both
mimic the composition of natural seawater. Ins@oeaff was used to prepare the water in the
-4 °C and 2 °C experiments. The Sigma-Aldrich sakture was employed for the 20 °C and
-15 °C experiments. The salt mixture was alterettvben experiments because the Sigma-
Aldrich salt mixture was reported by collaborattwrsnore readily dissolve at higher salinities.




Figurel. Metal rack constructed from stainless steel wiré sgreening to assist SPMEs to
reach equilibration with PRCs.

Figure 2. Laboratory set up to verify SPME loss rate incogpiog an Erlenmeyer flask
attached to a laboratory faucet to simulate tumtutenditions in the field.
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Table5. Various temperatures and corresponding salinitiegjoilibrium partitioning
experiments

Temperature (°C) Salinity (psu)
20 0
20 35
2 0
2 100
-4 100
-15 245

To ensure modifying the salt would not affect thsults, the composition of the two salt
mixtures was compared. Manufacturer tables dasgihe compositions showed the only
difference between the mixtures were in the angiliagredients, not the major components in
the mixtures. The salt water solutions were pregan 4 L batches and a rough salinity
measurement of each batch verified with a refraetem A more precise salinity value was
obtained through titrations with silver nitrate &shoff 1983). PEs and SPMEs were prepared
in triplicate along with a blank and placed in Ileqzleaned amber jars filled with water of the
various salinities. The triplicate samples weentBpiked with a mixture of the 53 oll
components (Table 1). To facilitate faster equilitm times, flasks with PEs were stirred and
SPMEs were placed on a shaker table. SPMEs weired due to possible damage to the
sampler. These conditions would mimic a very tlgbusituation in the natural environment. |If
the samplers were not agitated in this methodpiild/take a much longer time period to reach
equilibrium.

The equilibrium partition coefficient experiment®k place in a climate controlled chamber.
The chamber is a 7 ft by 14 ft room with stainlstel walls equipped with a 3Hp Copeland
compressor, 4 fan Larkin evaporator with hot gdsode as well as manually set hi and low
temperature alarms. The chamber is able to rglmdlintain temperatures of -4 °C to 20 °C,
with brief periods of thawing approximately eigimhés per 24 hour period; therefore the -15 °C
experiment was unable to be completed in the enmiental chamber. An upright freezer with
rough temperature control was secured to comphetelts °C experiment (Figure 3). Due to
complications with the chamber maintaining progenperature after the -4 °C experiment was
completed, two temperature loggers were placedarchamber to record temperature. HOBO
Water Temperature Pro V2 (Model # U22-001) sensmiperature loggers were set to record
temperature once every 10 minutes to identify fdssleviations from the programmed
temperature. After deviations were identified, $e@sor was set to record temperature once an
hour. One temperature logger recorded chambeeraperature, while another temperature
logger was placed in a 1 L amber sample jar filatth pure water. This logger recorded the
impact of any deviations in temperature to the dampThese temperature loggers were utilized
in the upright freezer for the -15 °C experimenwadl but only to record air temperature.

Lights in the climate-controlled chamber remainédar the full extent of the experiments, with
the exception of brief periods when samples wespented.

11



Figure 3. Freezer arrangement incorporating a shaker talileltbthe SPME samples and a
stir plate for the PE samples to complete the €L&xXperiment.
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For the first experiment at -4 °C and 100 psufseplicates were prepared. Two samples (passive
sampler plus water) were removed after three wdeksweeks and five weeks to ensure the
samplers had reached equilibrium. The duratioessary for equilibrium to be reached was
then employed for the remaining warmer temperatufesimilar time series was completed for
the -15 °C experiment, except that samples werevethand compared after four and five
weeks. After the sampling time period was reackéy and SPMEs were removed from the 1 L
sample jars, wiped dry with a KimwiPgto avoid contamination) and extracted in organic
solvent. The sample water was then decanted tihhanpre-cleaned 1 L amber jar, so as not to
include the compounds sorbed to the glass, anddstirthe temperature the experiment was
performed, if possible or at room temperature,|lwvditer samples were extracted. Water
samples were all extracted through liquid-liquidrastion with dichloromethane (DCM),
following methods outlined in the Environmental aion Agency (EPA) method 610
(Methods for Organic Chemical Analysis of Municigald Industrial Wastewater — PAHS).
Deviations from the method included manually shgkii samples with DCM for 5 min for
each extraction, when the method listed shakingogssrior 3 min for each extraction. Pure
water utilized to prepare the salt water mixturdemwent further analysis to assess the
concentration of dissolved organic carbon (DOC¥ent in the sample. Triplicate 5 mL
samples of pure water were centrifuged at 2000xk8@amin prior to analysis by Shimadzu
TOC-Vcpuicpn Total Organic Carbon analyzer (Kyoto, Japan). tffeiging samples served to
separate out the particulate organic carbon, gootiig the DOC was sampled.

After the passive sampler and water concentratmre determined, thed§.\was calculated

for each compound for each sampler. Experimentiywed Ks.\wwere compared to
theoretical ks.wthat were found in the literature corrected forraes in temperature and
salinity encountered in all experiments using tae’'vHoff (equation 6) and Setschenow
correction (equation 7), respectively (Schwarzehbaal. 2003).

Crude Oil Sudy. A bulk oil sample was utilized to evaluate how ffassive samplers perform
under the conditions of an oil spill. The speclidk oil sample was a Statfjord crude oil, the
composition of which had been previously studien] was being used in further experiments by
collaborators (Faksness et al 2008; Aurand & Co2bab). The water soluble fraction (WSF)
of the oil was prepared by the methods establiblyetie Chemical Response to Oil Spills:
Ecological Effects Research Forum (CROSERF) praogsdAurand & Coelho 2005; Faksness
et al 2008). Specifically, 18 L of NarragansetyBaawater (30 psu) was pre-filtered with a
sand filter, then further filtered with two successcartridge filters and finally suction filtered
through a Whatman GF/C (1.2 um). Seawater wagg@laca five gallon glass carboy, which
was chemically rinsed prior to addition of the satax. Sodium azide was added to the sea
water to act as a biocide at a concentration &®reig mL*. The WSF was the prepared by
adding 225 mL of Statfjord oil to the 18 L of Nagemsett Bay seawater (1 to 80 oil to water
ratio). The 1 to 80 ratio is less than the sugggk4dtto 40 oil water ratio because of the limited
amount of Statfjord oil available. Once the oilsnadded, the solution was capped with a foll
covered rubber stopper and placed on a stir phetieel climate-controlled chamber which was
set at 5 °C, and left to equilibrate for seven ddysvas determined that a minimum of 96 hours
was necessary to achieve equilibrium at the cakfaperatures (Faksness et al 2008). After the
seven days, the water was removed from the overlginabove using a cleaned copper pipe
(Faksness et al 2008). The water was suctionedlitl L amber jars. Three of the samples
were extracted by liquid-liquid extraction using MGollowing EPA method 610 as previously
stated to determine the concentration of the oiRN$he remaining samples were split into six
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replicates for each passive sampler. Blanks wezpgped with Narragansett Bay seawater,
filtered as previously stated and sodium azide d@d¢he same concentration as previously
mentioned. The passive samplers were then addée teater and exposed to the oil WSF at a
temperature of 5 °C and allowed to reach equilirivAs mentioned above, the flasks
containing SPMEs were placed on a shaker tabldeln flasks with PE were stirred on stir
plates. After three weeks, three of the six regpis were removed from the chamber, the passive
samplers removed and extracted, and water preparedtraction. The remaining samples
were allowed to continue equilibrating for anotiweek before the passive samplers were
removed and extracted, and water prepared foradra Once PAH concentrations in the
samplers were determined, the experimentally der.w were used to calculate the freely
dissolved PAH concentration of the oil WSF and cared to the liquid-liquid extraction results.

Field Deployment. The field deployment was targeted to occur intariywhen water
temperatures are usually the coldest in NarragaBsgt For ease of access and ancillary data,
SPMEs and PEs were deployed in Narragansett Bidng &raduate School of Oceanography’s
dock, where a moored sensor records temperatursadinity data. The deployment of the
passive samplers began once the Riideavor departed in late March 2009. It was thought that
the movement of the vessel had the potential taente the results of this field trial.

Prior to deployment, passive samplers were impttegnaith PRCs, as stated above. PEs, ca
1.5 g in weight, were deployed in triplicate fockdime interval of the deployment. Due to the
smaller sample volume, three 10 cm SPMEs wereetilior each sample, therefore nine
SPMEs were collected for each sampling intervaldaieve replicate samples. To prepare the
passive samplers for deployment, PEs were indiligpéaced on pre-cleaned stainless steel
wires and attached to the deployment line (FiggreAcopper housing was constructed to
deploy the SPMEs (Figure 5). The delicate natfitbteo SPME fibers necessitated some sort of
housing to be utilized for the deployment. Theding enabled the SPMEs to be attached to the
deployment line in the same fashion as the PES8itéding the comparison of the samplers, as
well as protected them from the environment. Tércentration of PRCs remaining in the
samplers after the deployment was confirmed tosas$@dequate water circulation occurred
during the deployment. Four housings were prepartdstainless steel racks similar to those
prepared for the PRCs. SPMEs were divided betwlezfour copper housings for deployment,
and the copper housings attached to the deployimentith pre-cleaned stainless steel wire.
The passive samplers were deployed on the intefittre dock near shore to be more protected
from the elements. The deploy line was attacheddimderblock, which served as an anchor,
and a small buoy was fastened to the deploy lineép the passive samplers off the sediment.
A line was tied to the top of the buoy and attacteethe dock to more easily recover the passive
samplers. The passive samplers were deployed fyr4l, 7, 14 and 28 days to verify their
performance under field conditions. A blank passampler was exposed to the air while the
passive samplers were prepared for deployment taenkay other sample recovery. At
recovery, each sampler was placed into a pre-atkglass jar and remained in cold storage
(-20 °C) until extracted.

Water was actively sampled for PAHs at two sammiervals, 7 and 14 days. This was achieved
by pumping approximately 40 to 50 L of NarraganBety water first through glass fiber filter
(Whatman GF/F) and then through polyurethane fdaoH) plugs. PUFs were pre-cleaned

prior to use twice with dichloromethane using Sexleixtraction (Figure 6; Gioia et al. 2008).
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Figure4.

PEs threaded on stainless steel wire (A) and aththdeployment line (B) fc
the field deployment in Narragansett E
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Figurebs.

Copper housing manufactured to house SPMEs dthimgeld deployment (A)
and copper housing attached to deployment line stdmless steel wire for the
field deployment in Narragansett Bay.
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Figure6. Active sampling arrangement with PUFs insertechenttall cylinder (left) and
filters placed in the flat platform (right) to celit dissolved PAH concentrations
present in Narragansett Bay.

Two PUFs were employed for each water collectich\aare placed in cold storage (-20 °C)
until samplers were extracted. PUFs were extrdayemitomated solvent extraction (ASE)
(Dionex ASE 350). ASE cells were pre-cleaned Wwilane, programmed for two 5 min static
cycles maintained at 150 °C with a 25% rinse volumwo PUFs that were pre-cleaned on the
same day as the samples were used as sample Olainkg the extractions. Prior to extraction,
internal standard was added to all samples. PUfs then extracted in two phases. The first
phase was a single static cycle of a solvent mextdi's0% hexane and 50% acetone heated to
100 °C with a rinse volume of 25% to remove theenvfitom the sample. The second phase
consisted of two 10 min static cycles with hexan&® °C and a rinse volume of 60%. Sample
extracts were dried with sodium sulfate and corre¢ed under nitrogen prior to analysis on the
GC/MS. The loss rate for each PRC during eachogepgnt was calculated and with the
experimental log Ks.w a loss rate for each compound derived for the bfrdeployment.

Water concentrations derived from the passive sarmpVere then calculated using equation 2.
PAH concentrations in the water samples were tlempared to the PAH concentrations derived
from the passive samplers.

4.0 Results

NIST Sandard Calibration. Eighteen of the PAHs in the NIST standard wessent in the
laboratory standard curve utilized for sample qiiiaation (Tables 1 & 4). The calculated
concentrations of the NIST standard using our latooy standard curve were very similar to the
certified concentration of the NIST standard (Fegidy. The majority of the compounds differed
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laboratory standard are displayed in the figure.
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from the certified concentration by no more thafe25=or compounds where more than 25%
difference was present, co-elution of similar coonpas could explain the discrepancies. For
example, the largest difference was found for bejanthracene (Figure 7). Four others
compounds of the same molecular weight as la@aafhracene are also included in the NIST
standard. It seems likely that some of these cam@® co-eluted with berajanthracene adding
to the apparent abundance of the compound. Fatkiee two compounds where a large
difference was present between the certified canagon and the laboratory standard curve
derived concentration were benalffuoranthene and dibenzmhlanthracene, and again co-
elution is also a possible explanation for theedldhce (Figure 7). Itis possible to separatecthes
compounds out with a more specific GC/MS methoavéher the current method used for this
study was not able to perform this function. Timilar concentrations of the remaining
compounds suggest the standard curve derived ctvatiens are reliable and could be
employed for the experiments detailed below.

Performance Reference Compounds. Since PE samplers had been previously prepartd wi
PRCs, PEs were successfully impregnated with PRE&@seving a relative standard deviation
between samples below 20%. SPMEs had not beeredavikh before and there were
complications obtaining reproducible results fax #BRCs in the SPMEs. Initial SPME results
after equilibrating for one week displayed a 38%45%66 relative standard deviation for all PRCs.
When the SPMEs were placed in the PRC solutiowy, tdreded to clump together. It was
thought that this clumping caused a decreasedcsudi®a for the SPMEs to equilibrate with the
solution. A stainless steel rack was fabricatetth wcreen to hold the SPMEs and separate them
from each other and increase the surface area esposhe solution (Figure 1). For the next
trial, seven separate batches of SPMEs were prtp&RME were inserted into the metal rack
and the batches were equilibrated on a shaker tabtero weeks. SPME results for these
batches produced relative standard deviationsssftlean 25% for all PRCs (Figure 8).

The next task accomplished was to investigatedbe late of the PRCs. The percent loss was
calculated to predict the times necessary for dd#gfis to reach 95% equilibrium in the field
under turbulent conditions (equation 4). This tipeeiod was found to range from less than an
hour for naphthalenesdo a few days (60 hours) for PAHs up to benzo(apg-d. (Figure 9),
but longer times are needed for PAHs with molecwiaights greater than 264.

Effects of Temperature and Salinity on Equilibrium Partitioning Coefficients. The equilibrium
partitioning coefficient experiments were conducaétour temperatures and salinities. To
calculate the Ks.wfor the compounds of interestp§was divided by . The Gy was
determined through liquid-liquid extraction of tvater sample. As stated previously, three
sampling periods were completed during the firgtegdment (-4 °C) to investigate whether the
samplers reached equilibrium. For the three diffesampling time periods, log-Kw did not
seem to differ consistently from sampling weekampling week for the SPMEs or the PEs.
Other researches have showsslg values show a linear correlation with the octamater
partition coefficients (Kw) of the various PAHSs, so experiment logsky values were plotted
against the log Kw to represent the data (Adams et al. 2007). Tneeslwere plotted for each
of the replicates to determine if there was a mdiiderence in the slope of the line. The overlap
of the trend line in both figures suggests there m@change in theds.\y values with time and
the samples reached equilibrium after three weékss time period was similar to other
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experiments performed by other researchers (Adams 2007). The three week sampling
period was used for the experiments at warmer tesyoes.

The full range of compounds of interest, from pHeo benzo(g,h,i)perylene, were initially
included in all plots (Table 1). It was not apmiate to graph the log #&.w of the phenols
versus log ksw, therefore a linear relationship was not achievEde passive samplers are
composed of apolar molecules, but octanol contimgdroxyl group which results in additional
physiochemical interactions occurring between pleand octanol, like hydrogen bonding. A
more appropriate fit for the phenolic compounds Mdae to plot the Ks.wVvalues verse a
neutral solvent-water partition coefficient. A sy® such as hexadecane-water may result in a
linear relationship with the phenokK values (Schwarzenbach et al. 2003). Due to their
assumed additional physiochemical interactions witfanol and their unfavorable partioning in
further experiments, the phenolic compounds wectueed from the remaining discussion. If
replicates in each experiment were similar, théicafe samples were averaged. The
experimental I&s.w values were then compared to the theoretigglalues, which were
calculated for the both the PEs and SPMEs. Caseii et al. (2008) publishegdiy for a suite
of PAHs for both PEs and SPMEs at 20 °C in the saxperiment. The Cornelissen et al.
values along with the linear relationship with Kgw were used to extrapolate the remaining
Kps.wfor PAHs not listed in their study, but includedthe present study with the following
expressions:

log KPE—W =1.10 X lOg KOW —0.69 (8)
log KSPME—W =0.756 X lOg KOW + 0.66 9)

Both the SPMEs and PEs used in the Cornelissdn(@088) study were thicker (200 pum for
SPMEs and 100 um for PEs) than ones utilized sghidy. To verify that these values were
applicable to the passives in the present stuayikga.y of Cornelissen et al. (2008) were
compared to other studies with passive samplesgmfar thickness to the current study (Adams
et al.. 2007; Maruya et al. 2009). Oncgskvalues for this study was determined for the full
suite of PAHs in this study, therK\ values were adjusted with the van’t Hoff (equa&yrand
Setschenow equations (equation 7) to reflect tmpégature and salinity that the &y values
were experimentally determined (Schwarzenbach @08i3). Since not all enthalpies of phase
change AH; kJ/mol) were available for the PAHs includedhrs study, they had to be
extrapolated from calculated LeBas molar volumeén(@&urzenbach et al. 2003). The
Setschenow constants were determined through ekatagm with the log lsw of the compound
(Ni & Yalkowsky 2003):

K, = 0.040 x logK,,, + 0.114 (10

The theoretical log Ks.wvalues were calculated in this manner using eqasifoand 7 for all of
the temperatures and salinities studied.

To further validate results, the dissolved orgamaidoon (DOC) concentration of the water
samples was analyzed. Compounds with lgg Malues above 5 are more hydrophobic and
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therefore have a higher affinity to absorb to ghas® and the dissolved and/or colloid (DOC)
present in the sample, which can alter the resiiliise K-s.w calculation. All samples returned
DOC concentrations below the detection limit of tiaéibration curve, which was 0.5 ppm. This
suggests that there was not sufficient DOC presethie water samples to alter the calculation of
the Kesw

Through discussions at the EU-SETAC meeting in Méli experts who were examining
temperature dependence of partitioning (Jonkesgma communication), it was suggested that
a decrease in the solubility of the compoundsatdiv temperatures and high salinities could
cause complications in assessing equilibrium camagons of the compounds with higher log
Kow values (Muijs & Jonker 2009). To investigate thiee SPME and PE water samples were
extracted by liquid-liquid extraction making suret o include any solids or compounds that
could be associated with the sample container.e¥\samples from two replicates from both the
SPMEs and PEs were extracted and the extracted eateentrations utilized to derive the log
Kps.wVvalues. Since the temperature and salinity ravageso large another check was included
to the Kos.w calculations to ensure that the solubility of doenpounds had not been exceeded.
The solubility (S; mol-I*) was adjusted for temperature effects by:

log S = AsL - Bsi/T (11)

where A represents the intercept of the temperature depeedsnd B, is the slope of the
temperature dependence (Paasivirta et al. 1999)ad B;_ are calculated by:

As = AHF/[(2.3026 - R - ) + 5.154 — 0.036 - Vb —0.217 - I3¥C]  (12)
BsL =AHg/ (23026 : R) (13)

whereAHE is the heat of fusion (J-mY| R is the gas constant (F*#nol%), T, is the melting
point (K), Vj is the LeBas molar volume (émol™), and C is a derived constant for each
compound class (Paasivirta et al. 1999). Paaaieiral. (1999) list C to be 0.734 for PAHSs.
Since not all variables are known for the suit®AHs investigated, some variables had to be
extrapolated from existing data (Mackay et al. 192elle & Kesselring 1997). The melting
point was extrapolated from known melting pointd amolecular weights aniH-was
extrapolated from the knowkHg values and melting points. Solubility concentrasi at
standard temperatures were calculated and compatfeg@redicted and experimental values
(Ruelle & Kesselring 1997). The solubility washedjusted for salinity effects using a
modified Setschenow equation (equation 7; Schwaaamnet al. 2003). The Setschenow
constants were determined through extrapolatioh thi¢ log kow (equation 7) of the compound
(Ni & Yalkowsky 2003). These calculated solubilitglues merely served as a thermodynamic
check that calculated or extracted water conceaatraiid not exceed the solubility values and
did not interfere with the calculation of the expental K-s.\ values.

An experiment was conducted at 20 °C to validatethods utilized in the experiments by
comparison to values derived by other researchgasnples were prepared at both 0 and 35 psu.
The theoretical and experimental logdy values for the 20 °C experiment were calculated as
previously mentioned. No water concentrations egddée solubility. In the 20 °C experiment,
the 0 psu SPME samples SPME-0Opsu-20C-A and inGhes@ SPME samples SPME-35psu-
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20C-4 were statistically different from the othleree samplers of the same salinity, so they were
exclude from the average of the results. In thed3klts, all replicates displayed similar trend
lines, so no samples were excluded. When the gedr@8PME results are examined, the
majority of the compounds fall below the plotteddhetical values, with some scatter in the
compounds with higher logdty values (Figure 10). 2, 6-Diisopropyl naphthalentthe one
compound whose experimental logd{y for both salinities plots much higher than theestpd
theoretical log is.wand does not follow the trend of the other expental values. Since this
variation only occurs in this one experiment, thees a low standard deviation and there was
none detected in either of the blanks at O or 36 p$s doubtful that this is from contamination.
More investigation is needed to explain the behawidhis isolated compound. The remainder
of the SPME results, for the most part, appeafsltow the same trend, with the log-Kw
increasing with increasing logdg, in agreement with the findings of other researshe

(Figure 10; Cornelissen et al. 2008; Adams et@0.72 Schwarzenbach et al. 2003). This trend
is more obvious when the graph is focused on tlwifyr PAHs as well the lower molecular
weight (LMW) compounds present in Statfjord crudgBable 6; Figure 11). The compounds
with higher log kow display the most scatter, with O psu samplesiplptbove the theoretical
line and 35 psu samples plotting below the theoaétiln the PE results, the majority of the
experimental log Ks.wvalues follow the same trend as the theoreti@gaKies.w values, though
most of the compounds lie above both theoretioalsli(Figure 12). As in the SPME results,
when the graph is narrowed down to the priority BAdid the LMW compounds, the trends are
clearer (Figure 13). The compounds plot abovettberetical value lines. With the
minimization of the displayed data, there is ablesidifference in the various salinities values.
The 35 psu samples tend to lie slightly above tpsWsamples, as is theorized. In general, the
20 °C experimental results were in agreement vightlheoretical values. This indicates
potential deviations from theoretical values in titleer experiments are not due to differences
between the calculated or theoretical log kg values or the methods used. Since the theoretical
values were taken from peer-reviewed studies, gheement between experimental and
theoretical values validates the passive sampiletsatraction methods used in this study.

The next coldest partitioning experiment was cotetiat 2 °C at salinities of 0 and 100 psu.
The theoretical and experimental logy values for the 2 °C experiment were calculated as
previously mentioned. The water concentrationsevetiecked against the compounds solubility
at 2 °C at salinities of 0 and 100 psu. No watarcentrations exceed the solubility. For the
four SPME replicates at 0 and 100 psu, the lpgJlwas only slightly different for replicate D

in the 0 psu samples. The remaining SPME sampleégsu and all the 100 psu replicates
displayed agreement between replicates. In thedftples at 2 °C, agreement between all
replicates at both 0 and 100 psu is visible insih@lar slope of the trend lines. The replicates
for both the SPMEs and PEs at 0 and 100 psu wereaberaged. In initial analysis, some
compounds approached the expected linear linegdimpounds with lower log &y values seem
to follow the trend of theoretical results, witletmajority of the 100 psu logd.w values being
above the 0 psu logd§.wvalues (Figures 14 & 15). This is the expecteddtr where the
addition of the salt increases the partitioning itite sampler. However, there seems to be a
point where the log Ks.wVvalues depart from following the trend of the tre¢wal values. The
log Kps.wValues appear to flatten out around lognof around 5.5 to 6. In the SPME results,
there is a more distinct point where this occurg fow of 5.5), whereas in the PE results, there
is a greater spread in the experimental valuestantbg Kow value is closer to 6 (Figures 14 &
15). In both the SPME and PE results, there seerns no difference in this point between O
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Figure10. Averaged experimentally derivedsiue.wat 20 °C and salinities of 0 and 35 psu plotteith wie theoretically
calculated equilibrium partitioning coefficientsng the van't Hoff and Setschenow equations. Tigisre incorporates
all the PAH compounds included in Table 1.
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Table6. List of the priority PAHs and LMW compounds presenthe Statfjord crude oil with
their respective log &y values and molecular weight

Compounds log Kow Molecular Weight
Naphthalene 3.37 128
2-Methyl naphthalene 3.99 142
Biphenyl 3.9 154
1,5-Dimethyl naphthalene 4.37 156
Acenaphthylene 4.2 152
Acenaphthene 3.92 154
2,3,5-Trimethyl naphthalene 4.9 170
Fluorene 4.18 166
1,4,6,7-Tetramethyl naphthalepe 5.3 184
1,2,5,6-Tetramethyl naphthalepe 5.3 184
Dibenzothiophene 4.38 184
Phenanthrene 4.46 178
Anthracene 4.54 178
1-Methyl phenanthrene 5.14 192
Fluoranthene 5.22 202
Pyrene 5.18 202
Chrysene 5.61 228
Benz(a)anthracene 5.91 228
Benzo(b)fluoranthene 5.8 252
Benzo(h)fluoranthene 5.8 252
Benzo[a]pyrene 6.04 252
Perylene 6.25 252
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Figurell. Averaged experimentaldtve-wat 20 °C and salinities of 0 and 35 psu, includinty the priority PAHs and LMW
compounds present in the Statfjord crude oil. Tigeamental data points are plotted with the thieca#y calculated
equilibrium partitioning coefficients using the viaHoff and Setschenow equations.
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Figure12. Averaged experimentally derivedKw at 20 °C and salinities of 0 and 35 psu plottetth wie theoretically calculated
equilibrium partitioning coefficients using the vaHoff and Setschenow equations. This figure npooates all the
PAH compounds included in Table 1.
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Figure13.  Averaged experimentald&.w at 20 °C and salinities of 0 and 35 psu, includinty the priority PAHs and LMW
compounds present in the Statfjord crude oil. Tieamental data points are plotted with the thieca#y calculated
equilibrium partitioning coefficients using the viaHoff and Setschenow equations.
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Figurel14.  Averaged experimentally derivedskue-wat 2 °C and salinities of 0 and 100 psu plotteith whe theoretically
calculated equilibrium partitioning coefficientsng the van't Hoff and Setschenow equations. Tigisre
incorporates all the PAH compounds included in &dbl
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Figure15. Averaged experimentally derived-Kw at 2 °C and salinities of 0 and 100 psu plottetthwhie theoretically calculated
equilibrium partitioning coefficients using the viaHoff and Setschenow equations. This figure mpooates all the
PAH compounds included in Table 1.
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and 100 psu. Since neither a lack of equilibri®C, or solubility can explain these results, it
was theorized that the higher log\compounds did not reach equilibrium. To verifisth
suspicion, the log Ks.wVvalues of the PRCs were calculated for both thartD2 °C

experiments and graphed against the molecular wefghe compound. In the 20 °C
experiment, the PRCs and the corresponding unaggeatecompounds logH§.w values were

only a few tenths of a log unit different. Whee tbg Kes.\wVvalues of the PRCs were examined
for the 2 °C experiment, the log-K\w values of naphthalene and pyrene were similaipddin

the natives and PRCs. However, for benzo(a)py{Bap), the log lks.wvalues were not as
similar as displayed in the 20 °C experiment. Has/ed as evidence that the higher molecular
weight (HMW) compounds had not reached equilibriuho. adjust the HMW compounds, the
average of the log #&.wvalues between the d-BaP and the native was stétrérom the
corresponding native logd§.wvalue to create a correction factor. The the@tyid the
calculation is the remainder of loss of the PRG=gjigal to the remainder of uptake of the natives
to equilibrium, so the average of the two wouldegan approximate equilibrium log-Kw

value. Since PRCs are not utilized for each natimeextrapolation is necessary to apply to the
other HMW compounds. An extrapolation was develiophich included the correction factor
and the difference in molecular weight was useadjost the HMW compounds to reflect
equilibrium.

After this correction is incorporated into the ddtee linear trend to the data is restored. Again,
focusing on the priority PAHs and the LMW compoupdssent in the Statfjord oil, the trends in
the data are more apparent. In the SPME dataftbet of salt between the replicates is visible.
The majority of the 0 psu data plots slightly belihe theoretical O psu line (Figure 16). The
majority of the 100 psu samples lie above theiresponding 0 psu logdéve-wVvalue. There
appears to be a greater salinity effect in the &@&,dvith the 100 psu logd&.w values plotting
above the 0 psu values (Figure 17). In generalcthrection factor applied to the 2 °C
experiment restored the linear relationship exmgkatéth great difference between the 0 and
100 psu samples visible the increase in the lpgWdalue increase. This demonstrated the
salinity should be incorporated into the calculatid the equilibrium partition coefficient with
the Setschenow equation.

The next coldest experiment was completed at -@itl€ a salinity of 100 psu. The theoretical
and experimental log gs.w values for the -4 °C experiment were calculategrasiously
mentioned. The water concentrations were checgathst the compounds solubility at -4 °C at
a salinity of 100 psu. No water concentrationseexicthe solubility. In the -4 °C experiment,
SPME-1-C-3wk and SPME-5-D-5wk samples seemed tmubgers for the majority of the
compounds of interest. Since the other samplési®time period agreed with the remaining
samples, it is believed that is due to samplingrepossibly loss of the compounds during the
experiments. As see in the previous 2 °C datalsetiMW compounds or compounds with
higher log kw values deviated from the expected linear lineyfedL8). The compounds with
higher log kow values tend to level off or decrease with incregédg Kow over a log kow

value of 5. As mentioned previously, it is theedzhis is due to equilibrium not being reached.
When the PRC log k.wVvalues were examined, only naphthalene appeareavi®reach
equilibrium so corrections were made for all compags Limiting the data set to the priority
PAHs and the LMW compounds present in Statfjordtb#é trend corrections for equilibrium are
evident (Figure 19). In both the SPME and PE datathe compounds with logl values
below 5.5 lie above both the logkue.wand log Ke.w theoretical lines, while the compounds
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Figure16. Averaged experimentaldtve-wat 2 °C and salinities of 0 and 100 psu, includinty the priority PAHs and LMW
compounds present in the Statfjord crude oil. Tigeamental data points are plotted with the thieca#y calculated
equilibrium partitioning coefficients using the viaHoff and Setschenow equations.

33



log Kpe-w Valuesat 2C

8
Experimental @ O psu . o’ //
. Experimental @ 100 psu e A//
7 o
» Theoretical @ 0 psu e _Lr
. ..;gi R
e Theoretical @ 100 psu o R
61 1. . | o® 3 A‘/
1:1line ,.AyAA/
é 5] !!
3 [~
S o &
e® /gti s ¢
4 - /gﬁ/- .
s
¢ B
3 / Y
—
—
—
2 T T T T T
2 3 4 5 6 7 8
log K ow

Figurel7.  Averaged experimentald&.wat 2 °C and salinities of 0 and 100 psu, includinty the priority PAHs and LMW
compounds present in the Statfjord crude oil. Tigeamental data points are plotted with the thieca#y calculated
equilibrium partitioning coefficients using the viaHoff and Setschenow equations.
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Figure18.  Averaged experimentally derivedskue and Keoe.w at -4 °C and salinity 100 psu plotted with theottegically
calculated equilibrium partitioning coefficientsng the van't Hoff and Setschenow equations. Tigisre
incorporates all the PAH compounds included in &dbl
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Figure19.  Averaged experimentaldfve-wand Keewat -4 °C and a salinity of 100 psu, including otilg priority PAHs and
LMW compounds present in the Statfjord crude dile Experimental data points are plotted with tleetétically
calculated equilibrium partitioning coefficientsng the van’t Hoff and Setschenow equations.



with log Kow values above 5.5 leveled off with values neatttieeretical log Kpme-w line for

both SPME and PE samples. Though compounds wgtKdg, values above 5.5 do not fall on
the linear line expected, they are much improvedhfthe previous values and plot much higher
than the 1 to 1 linear relationship between thedpgwand log kw values displayed at
standard conditions (Figure 19). These resultsvdhere is an obvious effect on the equilibrium
partitioning coefficient at -4 °C and 100 psu.

The final experiment was conducted at -15 °C arsli@3u. The theoretical and experimental log
Kps.wVvalues for the -15 °C experiment were calculategraviously mentioned. The water
concentrations were used in the calculation okipg and were checked against the calculated
solubilitiesat -15 °C at 245 psu and the water concentratiars all below compound solubility.
In the -15 °C experiment, the SPME samples display®d replication, while there was some
variation between the PE replicates however nagaigls were excluded from results. In all of
the SPME replicates and a few of the PE replicatésyw HMW PAH compounds indeno(1,2,3-
c,d)pyrene, dibenzo(a,h)anthracene and benzofmehyiene were not detected in the passive
samplers and therefore nediycould be calculated. As presented in the otheexg@nts, in

the initial results the SPME and PE experimentgldes.wvalues increase with increasing log
Kowuntil a value of 4.5. After a logds of 4.5 is reached, the experimental logs k¢ values

begin to decrease as in the previous experimeigar@-20). All compounds for both passive
samplers are well below the expected theoretinakli As in the -4 °C experiment, the PRCs
were used to correct the compounds for equilibri@orrections from PRCs greatly increase the
values of the higher experimental logd{yvalues, displayed in the priority PAH and LMW
compounds present in Statfjord oil. In the SPME BE data sets, the majority of the
compounds are still below the respective theoreliiva, with the only exception being
anthracene in the SPME data set (Figure 21). htieacene data point for the SPMEs does not
follow the trend of the remainder data, suggestigge was some complication in the extraction
of the SPMEs or the water sample. The data waseoked to ensure it was properly captured,
however there was no explanation for this diffeeen€hough these points fall below the
expected theoretical lines, the majority of the poomds plot much than the 1 to 1 linear
relationship between the log-Kwand log kow values displayed at standard conditions

(Figure 21). These results show there is an olsvasiect on the equilibrium partitioning
coefficient at -15 °C and 245 psu.

Analyzing the all of the experiments, the effectalinity is evident. In the 20 °C experiment,
the addition of 35 psu displays the greatest effetite PE samples, though there seems to be a
small effect evident in the SPME results (Figurés113). In the PE results, the majority of the
35 psu data points plot slightly above the corresiprg O psu data points. Inthe 2 °C
experiment, as expected, there is a greater ireiaale experimental logd§.\with the

increase in the salinity from O psu to 100 psuyFeg 16 & 17). As in the 20 °C experiment, the
salinity effect is larger in the PE samples thathenSPME samples. Overall, these samples
display that salinity does effect the partitionmfigcompounds into passive samplers and must be
accounted for with the Setschenow constant equation

The temperature effect displayed in the experimeats opposite that found with the salinity
effect. When 0 psu data from the 20 and 2 °C exysarts are compared, there seems to be a
more obvious effect in the SPME data, with the 2&ta plotting above the 20 °C data points
(Figures 22 & 23). An opposite trend is visibletlie PE data set, with the 20 °C data points

37



log Kpassive-w Values at -15C & 245 psu

10
9] ¢ Experimental Kspme-w
® Experimental Kpe-w
Theoretical Kspme-w
8 Theoretical Kpe-w -
— 1:1Line ; » _—
7 z —
;- boopragd 8
2 r I‘r i ii _—
¥ 6 . Fii ? # 3 4 3
3 . 5 Ji & ¥
5 L f 7
5 5 e
_—
4 | )
' -
N
—
—
2 T T T T T
2 3 5 6 7 8
log Kow

Figure20.  Averaged experimentally derivedsue and Koe.w at -15 °C and a salinitity 245 psu plotted witk theoretically
calculated equilibrium partitioning coefficientsng the van't Hoff and Setschenow equations. Tigisre
incorporates all the PAH compounds included in &dbl
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Figure2l.  Averaged experimentaldgve-wand Keewat -15 °C and a salinity of 245 psu, includingyathle priority PAHs and
LMW compounds present in the Statfjord crude dile Experimental data points are plotted with tleetétically
calculated equilibrium partitioning coefficientsng the van't Hoff and Setschenow equations.
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Figure22.  Averaged experimentaldgve-wat a salinity of O psu, including only the prigrRAHs and LMW compounds present
in the Statfjord crude oil, to demonstrate the eftd temperature. The experimental data pointgbried with the
theoretically calculated equilibrium partitioningefficients using the van’t Hoff and Setschenowagiguns.
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Figure23.  Averaged experimentald&.w at a salinity of O psu, including only the prigrRAHs and LMW compounds present in
the Statfjord crude oil, to demonstrate the eftédemperature. The experimental data points attgal with the
theoretically calculated equilibrium partitioningefficients using the van’'t Hoff and Setschenowagiguns.
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being slightly greater than the 2 °C data pointsyéver the trend is not as strong as in the
SPME data set. Though a smaller temperature diftar was present between the 2 and -4 °C
experiments than the 20 and 2 °C experiments, thiasea much larger difference between
experimental log KPS-W values in the 2 and -4 °@egxnents for both the SPME and PE
samples than in the 20 and 2 °C experiments (Fsg24eX 25). In both the SPME and PE data
sets, there was not as much difference betweesatiples in the compounds with log KOW
values over 5.5. In fact in the PE samples, thposipe temperature effect was visible for these
few compounds. However, this is most likely areeffof non-equilibrium, than the effect of
temperature. Though there is some contradictianfew of the data points, the overall visible
trend is as the temperature decreases, the equitirartitioning coefficients increase. This
increase gets even larger the lower the tempergeisefrom standard conditions.

Though further investigation is needed for the coommquls with log Kk values above 5, we are
confident that the data from this study presentsiiate log ks.wVvalues for the compounds with
log Kow values below the value of 5. It is these compisuhat more readily dissolve into the
water column and are usually present at highereanations in the water column after an oll
spill event. This makes these compounds more hitzdte and potentially more toxic to
organisms and makes them of higher importanceviesitigating the fate and transport of PAHs
in the Arctic environment.

Crude Oil Sudy. Three replicates of the WSF of Statfjord oil wprepared and analyzed by
liquid-liquid extraction. The WSF for Statfjorduzte oil was composed mainly of LMW
compounds, such as phenolic compounds, naphthaedesethylated-naphthalenes, which
were similar to reports from previous studies (€abjl Faksness et al. 2008). Other compounds
with notable concentrations were fluorene, methybiene, dibenzothiophene, phenanthrene,
and methyl-phenanthrene. Very few HMW compound20g) were present in the WSF of the
Statfjord crude oil, again similar to other finds@rable 7; Faksness et al. 2008). Due to their
high abundance in the WSF, the compounds listedeatml be the focus in the remainder of
this discussion.

After the passive samplers were analyzed, PAH gurattons in the sampler were converted to
concentrations present in the water with equatioiftie experimental derivedeKwvalues at

2 °C and 0 psu adjusted for equilibrium with thed3Rand corrected with the derived
Setschenow constants to reflect the salinity ofNBeragansett Bay water used in the study

(30 psu) was utilized for this calculation sincenibst closely resembled the conditions present
for this laboratory experiment. The sampler detiwater concentrations were then compared to
the extracted water concentrations of the WSF.

After discussion with colleagues, it was discovetteat even though the water was treated with
biocide there was potential over longer term experits for bacteria to re-grow after the initial
biocide treatment and potentially biodegrade thé&l®8hanging the composition of the WSF
sample (Odd Gunnar Bradsted, SINTEF, personal camuation). To ensure that there was no
bacterial degradation of oil during the experiméng time periods were selected, three and four
weeks, for comparison of concentrations over timikere appeared to be no change in sampler
concentration with time for the prevalent PAHsjtsgas concluded that significant bacterial
degradation did not significantly affect our resuduring this period. There was little variation
between replicates, so no replicates were exclirded averaging.
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Averaged experimentaldtyve-wat a salinity of 100 psu, including only the pitipiPAHs and LMW compounds
present in the Statfjord crude oil, to demonsttiaéeeffect of temperature. The experimental datatp@re plotted
with the theoretically calculated equilibrium padning coefficients using the van’t Hoff and Sétsnow equations.
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Figure25.  Averaged experimentald&.w at a salinity of 100 psu, including only the piipiPAHs and LMW compounds present
in the Statfjord crude oil, to demonstrate the eftd temperature. The experimental data pointgbred with the
theoretically calculated equilibrium partitioningefficients using the van’t Hoff and Setschenowagiguns.
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Table7. Composition of PAHs in the WSF of Statfjord crude o

Standards Average (ng/L) |Standrd deviation
p-Cresol 19267.08 892.96
m-Cresol 15762.24 884.83
0-Ethyl phenol 3190.93 42.22
p-Ethyl phenol 10268.64 1253.80
m-Ethyl phenol 11336.38 1617.43
2,3-Dimethyl phenol 2024.70 1075.76
Naphthalene 51581.22 3047.29
3,4-Dimethyl phenol 10942.73 440.93
2,4,6-Trimethyl phenol 4838.48 936.24
2,3,5-Trimethyl phenol 3343.41 428.62
2-Methyl naphthalene 16922.90 525.61
2,3,5,6-Tetramethyl phenol 4256.10 698.67
Biphenyl 3524.99 78.67
1,5-Dimethyl naphthalene 6826.42 143.83
Acenaphthylene 82.75 2.70
2-isopropyl naphthalene 69.84 2.06
Acenaphthene 103.57 1.03
2,3,5-Trimethyl naphthalene 707.10 18.87
Fluorene 779.23 4.40
9-Ethyl fluorene 98.70 15.67
1,4,6,7-Tetramethyl naphthalenge 104.59 24.72
2-Methyl fluorene 602.14 31.43
2,6-Diisopropyl naphthalene 8.55 2.17
1,2,5,6-Tetramethyl naphthalenge 431.77 423.26
Dibenzothiophene 521.67 5.66
9-n-Propyl fluorene 55.59 1.70
Phenanthrene 972.29 18.24
Anthracene 101.02 2.47
2-Methyl Dibenzothiophene 225.51 21.99
4,5-Methylene phenanthrene 18.99 1.28
1-Methyl phenanthrene 941.98 29.03
9-Methyl anthracene 44.46 2.51
3,6-Dimethyl phenanthrene 61.91 4.09
1,2-Dimethyl dibenzothiophene 348.50 65.99
Fluoranthene 4.11 0.31
2,4,7-Trimethyl dibenzothiophene 63.69 13.69
Pyrene 3.49 2.75
1,2,5/1,2,7-Trimethyl phenanthrepe 39.77 5.20
Retene 9.87 6.27
1-Methyl pyrene 2.97 1.58
Chrysene 12.16 1.98
Benz(a)anthracene 17.64 3.42
1-Methyl chrysene 18.01 4.27
Benzo(b)fluoranthene 0.40 0.12
7,12-Dimethyl benz(a)anthracene 13.57 0.95
Benzo(h)fluoranthene 0.39 0.35
Benzo[a]pyrene 0.59 0.04
Perylene 0.58 0.24
Indeno(1,2,3-c,d)pyrene 0.00 0.00
Dibenzo(a,h)anthracene 0.00 0.00
Benzo(g,h,i)perylene 0.97 1.68
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The SPME and PE average water derived concentratisrcompared to the extracted WSF
concentration. Overall there was relative agredrnetween the passive samplers, as well as
with the extracted water concentrations, suggesitigr sampler would be suitable to use in
oil spill conditions. With the exception of naphigrae, PEs and SPMEs predicted the water
samples concentration within a factor of two oitdxetor the majority of compounds present
in the WSF samples. Since concentrations in thealeenvironment are not static due to
factors such as currents, changing tides, lossegetatmosphere, etc., a snapshot sample
taken cannot be representative of passive samypesare. Additionally, conventional
extraction methods of total water concentrationslé&fnition will tend to over-estimate the
dissolved concentration in the environment. Thus cansider an agreement within a factor
of two between passive samplers and conventionttlods to be an acceptable standard.
This agreement demonstrates passive samplers aamdigable tool in oil spill monitoring
and damage assessments.

The greatest difference between the passive sampieextracted water concentration

(52,000 ng-) was present for naphthalene, with the SPME aeecagcentration

(3,200 ng-[*) an order of magnitude lower than the water cotraéion (Figure 26). The PE
reflected water concentration (24,000 ri))-as little less than half of the WSF water
concentration (52,000 ng*). The noticeable difference between the sampteuid be due to
loss during the experiment, due to the shakindgp@fsamples and the volatility of naphthalene.
The water samples were not agitated during therempat as the PE and SPME samples were
decreasing the potential for loss of naphthalenaduhe experiment. There was also a large
difference in the methyl-naphthalene concentratlmtsveen the SPME concentration

(54,000 ng-[) and the other two samples (17,000 AGQW/SF and 23,000 ngLPE). The large
difference between the SPME samples and the otleecaould have been from sample
contamination during extraction, since PE and W3kewsample concentrations display similar
concentrations of methyl-naphthalene. Biphenyl dintethyl-naphthalene were prominent in
the composition of the WSF. Both passive sampleglayed similar concentrations for each of
these compounds, and were in close agreementhatiViSF water concentration. This also
occurred for dibenzothiophene and phenanthren@i(&ig7). For methyl-fluorene and methyl-
phenanthrene, the water concentration was grdaarreflected by the passive samplers. For
methyl-fluorene, the sampler concentrations shdative agreement (SPME 71 ngkL

PE 180 ng-L%), while for methyl-phenanthrene there is a grediféerence in the concentration
reflected by the samplers (SPME 230 riand PE 72 ng:t). For fluorene, the opposite trend
was visible, with the passive samplers displayit@rger concentration than found in the WSF
water (Figure 27). Though there was a slight déifiee in concentrations between the samplers
and the water, there was very little differencenasin the passive sampler concentrations,
suggesting the liquid-liquid extraction of the wasample was not able to recover all of the
fluorene from the water sample. For the most plaet passive samplers were able to predict
PAH concentration present in the water samplesy thig exception of the most volatile PAHs
(possibly due to losses during analysis) (Figu@&227). The underestimation of the methyl-
fluorene and —phenanthrene by the passive sampiphes there could be complications in
assessing equilibrium concentrations for the matied compounds. Perhaps using a methylated
PRC for this investigation could have better repnésd the kinetics of the methylated
compounds in the passive samplers. Overall thaerelative agreement between the passive
samplers, as well as with the extracted water aunagons, suggests either sampler would be
suitable to use in oil spill conditions.
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Field Deployment. The passive samplers were deployed in NarragaBagtfrom March 26,
2009 until April 17, 2009. During the entire depteent, temperature ranged from 3.78 °C to
8.55 °C and salinity ranged from 28.22 psu to 3p87. PEs were deployed for the entire
deployment, however there were complications Wwith$PME deployment. Since there were
only four copper housing for the SPMEs, upon recgviae housing had to be opened and

SPMEs individually removed. While in the laborgtahis is not difficult, in the field, however
there were complications and some SPMEs were logiglthe recovery. The loss of the SPME
fibers was so great that there were only enough E$20d complete a 14 day field deployment.
A more suitable set-up would have been to haveppahousing for each deployment period to
minimize the loss of SPMEs in the field. No PEseMest during the deployment, so a full 22
day deployment was performed.

Another complication occurred during the deploymehte contamination of field blanks of
both SPMEs and PEs exceeded the concentratioaldfdamples. For the PEs, the majority of
the contamination occurred in the day 1 field blairkthe SPME field samples, the greatest
PAH concentration in the field blanks also occumadday 1, however contamination of field
blanks above field samples was a problem througtheutdeployment. The small sample size
also added to the field blank complication. Simdampounds were found in the field blanks of
both the SPMEs and the PEs. The agreement irotitaraination of the samplers suggests that
it was not laboratory contamination; rather thistemination was reflective of the air
concentration present at the time of recovery gnlda

The PUF results reflect the dissolved water comaéinh present on the deployment day
sampled (Figures 28 & 29). Two days were sampled the deployment period to reflect
possible changes in the water concentration duhegleployment period (days 7 and 14). The
day 14 concentrations are consistently higher thase on day 7 for all compounds except for
naphthalene and methyl-naphthalene (Figure 28&.pbssible that there was an event that
released PAHSs after day 7 such as atmospheric tieposelease from the sediment, ship traffic
or a weather event.

After the passive samplers were analyzed, PAH gurattons in the sampler were converted to
concentrations present in the water with equatio®iinilar to the WSF data analysis, the
experimental log Ks.w values determined in the 2 °C at O psu were adjusteequilibrium

with the PRCs and corrected with the derived Setsotv constants to reflect the salinity of
Narragansett Bay (30 psu) and utilized for thigwektion since it most closely resembled the
conditions present for the experiment. The losssravere also recalculated to match the
partition coefficients. The sampler derived wat@ncentrations were then compared to the PUF
water concentrations (Figures 28 & 29).

When the SPME results are compared to the PUFtset@nzo[a]pyrene is the only compound
detected where no blank concentration exceedeadidacentrations. Benzo[a]pyrene PUF
concentrations on day 7 are similar to the SPMEenptrations on all days. The SPME
concentrations are lowest on day 14 and do nataethe higher concentrations present in the
water column that day. Using only benzo[a]pyre®ieMEs demonstrated they could reliably
reflect the water column concentration. This dgplent served as a learning experience for
deploying SPMEs in the field. In future deployneetitese problems can be overcome through a
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copper housing being deployed for each samplinp@end a larger volume of SPMEs
deployed for each sample replicate. A larger va@wan be achieved through deploying longer
SPME replicates or purchasing SPME fibers whichcaraposed of a thicker PDMS coating.

The larger volumes of PE samples were able to astaienmore PAH compounds. More
compounds were detected in the PE samples thae gnesented in the figures, however only
the prominent PAHs are displayed (Figure 28 & ZBje PE concentrations were highest on
day 22 for all PAH presented, which mirrors the RAditer concentrations. For naphthalene and
methyl-naphthalene, the 1, 2, and 4 day samples satilar to the 7 day PUF sample. In the

14 day PUF concentrations, there is a decreasaphthalene and methyl-naphthalene

(Figure 28). This decrease is not exhibited inRReresults for either compound, where the
concentration continues to increase. Fluorantheyrene, chrysene and benzo(a)anthracene all
display a similar pattern (Figure 29). For altliése compounds, the 1 and 2 day PE samples
are similar to the 7 day PUF water samples. Tl#& 44 and 22 day concentrations of these
compounds are higher than the 1 and 2 day contemisawith the 22 day concentrations are
the highest. Phenanthrene also resembles this. tleoenaphthene and fluorene concentrations
of the PEs were both higher than the PUF waterexanations on all days; however, their
concentrations increased in the day 14 and 22 sansphilar to the other compounds. This
suggests that there was an increase in PAHs ogatdployment with a larger release after

day 7, which is captured in the 14 and 22 day sesfftigure 28 & 29). From previous work, it
is known that PE samplers equilibrate for the lometecular weight PAHs (such as
acenaphthene and fluorene) in a matter of sevasa ith Narragansett Bay. Thus, changes in the
accumulation of these PAHs in passive samplers towerlikely reflect increasing dissolved
concentrations. In contrast, the higher moleculkaigint compounds, with their increased
equilibrium time, would not have sufficient timerflect this increase. As mentioned
previously, it is possible that there was an evieat released PAHSs after day 7 such as
atmospheric deposition, release from the sedinséi, traffic or a weather event.

During this deployment, PEs were hardy enough thstand the stress of the environment, yet
were capable of reflecting an increase of PAH®@&kay. The deployment in Narragansett Bay
demonstrated SPMEs and PEs were capable to rditsdlved PAHs water concentrations
accurately, though PEs are a more valuable tombmasistently capturing background
concentrations of PAHs present in the environment.

Conclusions. This study commenced to examine the effect openature and salinity on the
equilibrium partitioning coefficients of passivengalers, so they may be an effective tool at
investigating the fate and transport of oil, speaify PAHSs, in the Arctic environment. Time
constraints linked to the simultaneous analysish&hols and PAHs by GC-MS prevented us
from studying the uptake of phenols by passive sarsp We note, however, that other studies
have shown passives samplers, such as PE, ardeapabliably predict water concentrations of
polar compounds (e.g., Sacks 2010). For the PAkisstigated, it was expected the equilibrium
partitioning coefficients would increase with dexsing temperature and increasing salinity. The
combination of the decreasing temperature and @&sang salinity is substantial in the Arctic
environment and possesses a potential complicatim utilizing passive samplers. This study
was able taoeliably demonstrate that the extretegnperature and salinity conditions that passive
samplers would face in the Arctic environment deeha significant effect on the partitioning of
compounds into passive samplers. Both temperatresainity must be accounted for when
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deploying passive samplers in this unique enviramr{iEables 8 & 9). Another effect of this
harsh environment when deploying passive sampeaidwing sufficient time for the passive
samplers to reach equilibrium, especially for tighlar molecular weight compounds. PRCs can
be employed to reflect equilibrium concentratiamswever, a more diverse mixture of PRCs
maybe needed in the Arctic environment to addies®tjuilibrium time of the higher molecular
weight compounds and the methylated compoundsoubifirthe crude oil study, as well as the
field deployment, these passive samplers have levélaey are able to be deployed either
during an oil spill event or prior an oil spill sbudy background concentrations and can
accurately reflect the PAH concentrations presefié water column. The PE passive samplers
were able to avoid complications in experiments it their larger volume can more readily

be deployed to determine background concentratidhe. SPMEs and PEs can be deployed to
represent time averaged concentrations, repregemiine accurate environmental
concentrations, averaging out incorrect extremeeomations that could be captured with
discrete sampling. Because of this unique timeamexl sampling, they may be useful to
determine concentrations after an oil spill evefltey are a valuable resource in studying the
fate and transport of oil in ice, and with the cdatipn of this study are now able to be used
reliably.

5.0 Discussion of Importanceto Oil Spill Response/Restor ation

The developed PE and SPME samplers will enableittspill community to deploy passive
samplers as equilibrium devices to measure basatinditions before a spill, as kinetic samplers
during a spill and during the recovery phase ofrthiiral ecosystem. Ice column testing will
determine over what periods of time SPME and PEpsansineed to be deployed.

PE and SPME samplers are cheap and can be egslibyee off any existing buoy. It is
suggested that the required deployment time wilbinéhe order of several days for the kinetic
samplers. SPME samplers excel as kinetic sampehbrt-time deployments. PE samplers can
also be used to detect baseline values, or agia@auonitoring tool in areas where oil spills are
common threats, such as harbors.

6.0 Technology Transfer

The developed product is fully transferable frone @old region to another. The kinetics of
water soluble compounds uptake depend mostly opaeature and currents. It will be
operational in either salt- or freshwater. Increlasatiness of the water results in an increased
partitioning to the passive samplers, which caadmunted for. In marked difference to the
availability and comparability of benthic specitg® results from PE and SPME samplers are
easily comparable from one region to another. Tdgayment of passive samplers does not
differ from one cold region to another. Everywhehey have to be deployed off buoys for
measurements of dissolved concentrations in thernealumn, or buried in ice or brine
channels.

At this stage, SPME samplers have been transfésredllaborators at SINTEF and at UNH; in
both cases the samplers are being used to betlerstand the fate of oil.
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Table8. List of experimental log Kpme-wValues determined in this study for the priorigHs and LMW compounds present

in the Statfjord crude oll

Compounds log kow log K spme-w
20C @ Opsu 20C @ 35psu 2C @ Opsu 2C @100psu -4C @ 100psu | -15C @ 245psu

Naphthalene 3.37 3.35 6.03 3.36_+0.04 3.52 +0.07 3.51 +0.05 3.42 +0.12 3.18 +0.35
2-Methyl naphthalene 3.99 3.03 &:15 3.13 +0.24 3.42 +0.04 3.63_+0.18 4.06 +0.11 4,13 +0.28
Biphenyl 3.9 3.26_+0.10 3.26_+0.17 3.62_+0.05 3.90 +0.14 459 +0.07 4.83 +0.28
1,5-Dimethyl naphthalene 4.37 3.72 008 3.74 +0.10 3.88 +0.08 4,20 +0.15 5.01 _+0.08 5.20 +0.21
Acenaphthylene 4.2 2.98 8.03 2.96 +0.09 3.28 +0.11 3.63_+0.10 4.60 +0.07 4,42 +0.13
Acenaphthene 3.92 3.46 68.12 3.56_+0.03 3.69 +0.09 4.04 +0.14 4.60 +0.08 4.88 +0.14
2,3,5-Trimethyl naphthalene 4.9 4.330t10 4.33 +0.07 4.39 +0.10 484 +0.12 5.65 +0.06 5.81_+0.21
Fluorene 4,18 3.61 0.08 3.70_+0.07 3.66_+0.09 4,03 +0.12 5.03_+0.08 5.26_+0.15
1,4,6,7-Tetramethyl naphthalene 5.3 4.660.40 4.65 +0.07 4.83 +0.08 5.28 +0.05 5.96 _+0.06 5.89 +0.18
1,2,5,6-Tetramethyl naphthalene 5.3 4.82009 4.80 +0.04 4,78 +0.10 5.09 +0.07 5.84 +0.04 5.88 +0.18
Dibenzothiophene 4.38 3.90 8.09 3.91 +0.01 411 +0.08 448 +0.11 5.39 +0.07 5.62_+0.08
Phenanthrene 4.46 4.06 6:04 3.29 +0.10 4.20 +0.06 3.85 +0.08 5.39 +0.07 5.63_+0.08
Anthracene 4.54 3.88 6.12 4.20 +0.08 4.20 +0.08 465 +0.11 5.07 _+0.17 6.68_+0.24
1-Methyl phenanthrene 5.14 4.58 607 4,59 +0.02 5.14 +0.08 5.50 +0.07 5.89 +0.03 5.98 +0.11
Fluoranthene 5.22 4.44 6.06 4.41 +0.03 4.88 +0.07 5.20 _+0.05 5.81 _+0.07 6.11 +0.07
Pyrene 5.18 4.44 ©.08 4.40 +0.02 4.98 +0.08 5.22 +0.06 5.84 +0.07 6.11 +0.07
Chrysene 5.61 5.15 6.06 4.86 +0.06 5.55 +0.07 5.61 +0.07 5.69 +0.26 6.12 +0.08
Benz(a)anthracene 5.91 5.150t06 4.86 +0.06 5.55 +0.07 5.61 _+0.07 5.69 +0.26 6.12 +0.08
Benzo(b)fluoranthene 5.8 5.80 6.05 5.17 +0.02 5.83 +0.10 5.90 +0.12 5.79 +0.54 6.02 +0.11
Benzo(h)fluoranthene 5.8 5.89 6.04 5.23 +0.05 5.82 +0.11 5.69 +0.07 5.85 +0.46 6.11 +0.14
Benzo[a]pyrene 6.04 5.71 .14 4.76 +0.09 6.30_+0.08 6.59 +0.11 5.46 +0.37 6.25_+0.14
Perylene 6.25 5.87 6.09 5.22 +0.10 5.87 +0.11 5.87 _+0.08 5.69 +0.39 6.05_+0.15
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TableO. List of experimental log Kz.w values determined in this study for the prioriHs and LMW compounds present in

the Statfjord crude oil

Compounds log kow log K pe-w
20C @ Opsu 20C @ 35psu 2C @ Opsu 2C @ 100psu | -4C @ 100psu | -15C @ 245psu

Naphthalene 3.37 3.67 6.04 3.62_+0.04 3.24 +0.08 3.41 +0.06 3.56_+0.08 3.83 +0.22
2-Methyl naphthalene 3.99 3.66 6.08 3.61 +0.08 3.26_+0.05 3.66_+0.08 414 +0.10 448 +0.24
Biphenyl 3.9 3.72_+0.05 3.76_+0.14 3.31 _+0.04 3.70 +0.18 4.29 +0.08 474 +0.23
1,5-Dimethyl naphthalene 4.37 4.17 607 4.32 +0.06 3.82 +0.03 4.29 +0.03 4,90 +0.09 5.08 +0.28
Acenaphthylene 4.2 3.17 6.03 3.36_+0.06 2.93 +0.05 3.54 +0.35 4,28 +0.07 459 +0.15
Acenaphthene 3.92 3.74 8.02 3.95 +0.06 3.45 +0.05 3.88 +0.05 4.40 +0.08 4,94 +0.22
2,3,5-Trimethyl naphthalene 4.9 4.61 0t05 4,87 +0.06 4.25 +0.06 4.89 +0.04 5.57 +0.09 5.38 +0.25
Fluorene 4.18 3.75 .05 4.02 +0.05 3.50 +0.07 4.07 +0.07 491 +0.09 5.16 +0.19
1,4,6,7-Tetramethyl naphthalenje 5.3 5.010.63 5.30 _+0.05 4.80 +0.06 5.46_+0.04 5.98 +0.11 5.68 +0.29
1,2,5,6-Tetramethyl naphthalene 5.3 4.980.62 5.22 +0.05 4.87 +0.06 5.36_+0.05 6.00 +0.12 5.79 +0.27
Dibenzothiophene 4.38 4.27 8.03 4.44 +0.06 4,14 +0.04 4,60 +0.01 5.42 +0.09 5.57 +0.24
Phenanthrene 4.46 4.39 3:03 4.62 +0.05 4.26 _+0.06 471 +0.09 5.45 +0.08 5.52 +0.26
Anthracene 4.54 4.43 ©.03 4,97 +0.06 4.30 +0.06 4.85 +0.09 5.66 _+0.08 5.59 +0.27
1-Methyl phenanthrene 5.14 4.92 0:04 5.17 +0.04 5.45 +0.08 6.08_+0.04 6.14 +0.11 5.77 +0.27
Fluoranthene 5.22 5.09 6.04 5.30_+0.05 4.33 +0.07 5.85 +0.06 6.11 +0.12 5.95 +0.27
Pyrene 5.18 5.22 .05 5.41 +0.04 5.30 _+0.07 5.81 +0.04 6.22 +0.13 6.09 +0.23
Chrysene 5.61 5.91 ©.03 6.02 +0.04 6.05 +0.04 6.43 +0.03 6.00 +0.17 6.37 +0.19
Benz(a)anthracene 5.91 5.910t03 6.02 +0.04 6.05 +0.04 6.43 +0.03 5.99 +0.17 6.37 +0.19
Benzo(b)fluoranthene 5.8 6.36 6.04 6.23_+0.04 6.61_+0.06 6.37 _+0.04 5.85 _+0.14 6.73 _+0.17
Benzo(h)fluoranthene 5.8 6.56 6.04 6.26 +0.02 6.63 +0.11 6.41 +0.16 5.85 +0.23 6.71 +0.21
Benzo[a]pyrene 6.04 6.81 6.03 6.60_+0.02 6.70 +0.05 6.56 _+0.07 5.83 +0.17 7.15 +0.22
Perylene 6.25 6.71 0.03 6.60 +0.02 6.18 +0.06 6.54 +0.13 5.97 +0.17 6.63 +0.17
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7.0 Achievement and Dissemination

The data gathered to support this study is cugrdrgting edited in preparation for submission to
Environmental Science and Technol ogy.

This data was presented as a platform presentatiSBETAC Europe 2009 in Goteborg, Sweden:
Luey, P.; Lohmann, Rerification of Polyethylene & Solid Phase Micro-extraction Passive

Sampling Devicesin Hyper-saline, Arctic conditions. 19" Annual SETAC Europe Meeting,
Goteborg, Sweden, June, 2009.

Pl Lohmann co-chaired (with Mathijs Sm#ttatoilHydro, TRONDHEIM, Norway) a session at
SETAC Europe 2009 in Goteborg, Sweden, on

« Marine Ecosystems, MEO4Polar marine ecotoxicology, risk assessment and monitoring
This researched supported the advancement of Pamejeto obtain her Masters of Science
degree in Oceanography. She defended her th&gsfitation of PAH equilibrium partitioning

coefficients for polyethylene (PE) sheets & solithpe micro-extraction (SPME) fibers in hyper-
saline, Arctic conditions” successfully on Decemb@éy 2009.
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Appendix
1 Coastal Response Research Center

CRRC Funded Project Review

Project Title: “Detecting dissolved PAHs from oil spills using passive samplers in
cold water and ice cores”

Principal Investigators: Rainer Lohmann, URI

Reviewer 1

This is an excellent, well written report. Thisais extremely detailed report, because it also appgede
a student’s thesis. The end result is a studyishait only applicable to the question of detertii-in-
ice, but a more broad study that can be used iremwns applications.

No changes made, as the reviewer appraised our report.

Reviewer 2

The research is definitely good science, but wefteto wonder what its utility might be in an aatu
response to an oil spill in ice. It seems tohad determining the concentrations of PAHs couldamo
easily be accomplished by simply taking a samplé@foil and using standard chemical analytical
techniques to determine the identity and conceatratof PAHs.  This study provides some inforiomati
of things like routes and concentrations of expesarPAHs. In that context it might be more uk&fu
Damage Assessment as opposed to response. N#esstht was our assessment that this research had
pretty much reached finality. We don’t see thechfor significant follow-up research work to answe
additional questions. This work has establishesthnique that could be used to determine PAH
concentrations in ice, but it is doubtful to ustthach a technique would be heavily utilized. Vde't
recommend any additional follow up work.

No changes made, as the reviewer appraised our work. We agree that damage
assessment might be more appropriate then oil spill response.

Reviewer 3

| believe the authors overstate the applicabilfttheir findings. | would suggest that this resdsis
extremely valuable at demonstrating how passiveplamirespond in cold water and over a range of
salinities, and it demonstrates that passive sasplay be more reliable for estimating concentrestiof
low molecular weight PAHs when compared to HMW PAFhe polyethylene sheets appear to produce
more reliable results than the solid-phase mictoaekion fibers, which also appear to have logatic
challenges with their deployment. My conclusiamnirthis research is that passive samplers could be
excellent indicators of relative water column amhcentrations--over time, and between locations] bu
am not convinced that they can replace analysmadér concentrations or analysis of bivalve tisages
indicators of biological exposure. | have serioascerns regarding our ability to accurately relate
passive sampler concentrations to absolute wateretdrations. For example, | do not believe they
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would be admissible as evidence that water conaiimtis exceed ambient water quality criteria. fig
research does have a lot to offer, and it does@ed to be all the things the authors hope.

We appreciate the reviewers overall positive comment on our research, and the
detailed suggestions below. We beg to differ that only traditional analysis of water
and bivalves are accurate means of representing concentrations and exposure. We
assume that passive samplers will increasingly be used to measure time-integrated
concentrations in the field.

Specific comments:

There are several places in the text that reqoimeesediting. These include page 1, first paragraph
second sentence (suggest changing "these substémtet’ since it seems to refer to vessels as
substances); second paragraph, third sentencen(t iclear how entrapment in ice sheets causspioain
and release, perhaps saying that entrapment, moxeamal later melting can extend the toxicity df;oi
third paragraph, sixth sentence, delete the fesumence of "are". Page 4, methods overview tfour
sentence change "equilibrated"” to "equilibratedgé10, first paragraph, fifth sentence, don'valioe
minus sign to become disconnected from the temperatumber (- and 15 appear on different lines of
text). Page 10, last paragraph, this paragrapénered rather than left justified. Page 18t firs
paragraph, first sentence: change "deviationsi¢wiation”; and in the last sentence, change SRME
SPMEs. Page 31, last paragraph: change solubilitysolubilities. Page 36, first partial pargdrathe
word "higher" is missing from the sixth senten&age 43, first full paragraph, change "little HM"
"few HMW". Page 50, last sentence should readetevcapable of reflecting...". Page 51, conclusion
second sentence, change "increases" to "incre&sétie fourth sentence, change to "...reliably
demonstrate that the extreme..." Page 50, thiragoaph, | suggest "It is suggested that the reduir
deployment time..."

The changes were made, as suggested by the reviewer.

Page 1, third paragraph: It is not clear thatipassamplers are preferred to analysis of water or
sediment. If what we need to know is the concdintian water or sediment, passive samplers are not
preferred.

Whether to use passive samplers or not depends certainly on the goals of a given
project and analysis. For example, if sediment concentrations are measured to derive
bioaccumulation, it is more straightforward to use passive to measure bioavailability -
as documented in several papers. The same logic holds true for water analysis.
Basically, passives samplers show a convenient way of measuring what is able to
diffuse, and thus what is directly bioavailable, whereas measurements of total
(particle-bound + dissolved) concentrations of PAHs in sediment or water do not. This
was clarified in the text.

Page 1, third paragraph: PAHs sorbed to partaie®slloids are available for uptake by organisrihe
mechanism of uptake changes.

The reviewer is partially right, as PAHs on particles can certainly be taken up by
organisms, but if they are tightly bound to the particle (such as soot), the PAHs might
never be taken up by the organism but excreted again. The text was modified to
clarify this point.
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The introduction could use additional discussiowbét is meant by equilibrium in this context. éain
the paper, the authors seem to suggest that passivelers can indicate change in concentrations ove
time. At the beginning, change in concentratiovesr dime are treated as indications of developing
equilibrium. Since true equilibrium is difficulb tmeasure, and may be rare in the environmente sinc
concentrations are not static due to currents, iogggources, or losses to the atmosphere or to othe
environmental compartments, it is difficult to kndvw to interpret concentrations in passive sarspler
and even how to verify the relationship betweersipassampler and water concentrations appropriately
Some acknowledgement of these challenges wouldgttren this paper.

The reviewer is correct, that equilibrium might never been reached in the field. But,
it should be pointed out that in reality it is exactly this lack of static concentration
that makes passives attractive, as point samplers would be even more in danger of
misrepresenting true concentrations over time. The following text was added to
clarify this point:
“As stated above, passive samplers take up compaupgdgportion to the dissolved
concentration present in the environment until Bguim between the passive sampler
and the dissolved concentration is reached. Uqgtilldrium is reached, the passive
samplers reflect a time averaged concentratiahelsampler is deployed longer than
needed for equilibrium to be reached, the resultg@ilect the more recent exposure.
Conventional methods of water analysis take sangilesdiscrete point in time,
representing the concentration only at that tidepending on the circumstances of the
sample collection, such as currents, changing,tideses to the atmosphere, or other
environmental factors, the discrete sample is n@aurate representation of the overall
concentrations in the environment. The time avetlagpncentration determined from
passive sampling is a more appropriate reflectidhelonger-term exposure in the
environment.”

“Equilibrium is defined as the distribution of aezhical in two phases as governed by the
free energy for this process. At equilibrium, né cleange in concentration between the
phases occurs over time. Equilibrium partitioncogfficients are used to represent this
relationship.”

Page 10: It would help if the difference betwdsamtivo sources of salt could be compared using
(otherwise) the same attributes to document thesturce of the salt had no effect on resultss It
unclear what effect stirring and shaking had onltes Shaking was intended to speed equilibrium,it

is not clear how well it mimics conditions in thelfl. Comparing results between shaken and unshake
conditions might be interestindg=xplain why devices were wiped with a kimwipe, avitat effect that
might have had compared to allowing the devicesrtdry.

This was clarified, as suggested by the reviewer, in the following text:
“To ensure modifying the salt would not affect tiesults, the composition of the two salt
mixtures was compared. Manufacturer tables dasgrifne compositions showed the
only difference between the mixtures were in thalkamy ingredients, not the major
components in the mixtures.”

“These conditions would mimic a very turbulent atian in the natural environment. If
the samplers were not agitated in this methodpiild/take a much longer time period to
reach equilibrium.”
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“wiped dry with a Kimwipé€ (to avoid contamination)”

Page 13, second paragraph: It would help to expiay the copper housing was needed to house the
SPMEs. The effect this housing has on water i@ and the time to reach "equilibrium" could be
discussed.

This was explained, as suggested by the reviewer, in the following text:
“The delicate nature of the SPME fibers necessltatene sort of housing to be utilized
for the deployment. The housing enabled the SPtdibg attached to the deployment
line in the same fashion as the PEs, facilitatirgdomparison of the samplers, as well as
protected them from the environment. The conc&atraf PRCs remaining in the
samplers after the deployment was confirmed tosas$@adequate water circulation
occurred during the deployment.”

Page 13, third paragraph, last sentence: | bettexygvater concentrations were derived using eguaj
not equation 3.

The changes were made, as suggested by the reviewer.

Page 20, figure 9: 100% concentration does nat bay variance. What concentration was used as
100% (average of replicates?)

Figure 9 represents the loss of PRCs. 100% lost means that the PRCs were all lost - in
other words, equilibrium was reached for that compound.

Page 21, last paragraph: It is not clear whataamhby "complications of the compounds".
This was briefly clarified in the text.

Page 23, second full paragraph: Excluding santplsvary is not a satisfying approach. Do thdang
have any thoughts about why SPMEs have more prailleam the PEs?

This was briefly clarified in the text. It is thought SPMEs have a higher degree of
sensitivity due to their thinner film available for accumulation by contaminants.

Page 24, first partial paragraph, last sentenekink this needs more explanation. It is not irdragely
obvious how the plots validate the passive sampledsextraction methods.

The changes were made, as suggested by the reviewer, in the following text:
“Since the theoretical values were taken from peerewed studies, the agreement
between experimental and theoretical values vagitite passive samplers and extraction
methods used in this study.”

Page 31, second full paragraph: How is it thaiotiying results of two SPME samples are due to
sampling error?

This was briefly clarified in the text.

Page 36, first paragraph: Are there other explamafor the anthracene data outliers for the SPMEs
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We checked the raw data, and have no explanation for the outliers. The following was
also added to the text:
“The data was rechecked to ensure it was propepyuced, however there was no
explanation for this difference.”

Page 43, first partial paragraph: The ability @fhnpounds to dissolve more readily into water do@§' N
make them more acutely toxic. It might make theareravailable.

This was briefly clarified in the text.

Page 43, third full paragraph: Either explain Bitad's concern more fully, or delete this paragrépls
not clear why he would be concerned that biologicdiion would continue even after the samples were
treated with biocide.

This was explained, as suggested by the reviewer, in the following text:
“After discussion with colleagues, it was discovktieat even though the water was
treated with biocide there was potential over lartgem experiments for bacteria to re-
grow after the initial biocide treatment and poiiyt biodegrade the PAHs changing the
composition of the WSF sample (Odd Gunnar BradS&d] EF, personal
communication). To ensure that there was no battbegradation of oil during the
experiment, two time periods were selected, thnekfaur weeks, for comparison of
concentrations over time.”

Page 43, fourth full paragraph: Predicting watangles within a factor of two does not allow passiv
samplers to replace analysis of water samplesgththus depends on the purpose of the sampling.

This was explained, as suggested by the reviewer, in the following text:
“Since concentrations in the natural environmeatrat static due to factors such as
currents, changing tides, losses to the atmospitrea snapshot sample taken cannot be
representative of passive sampler exposure. Addiliyy, conventional extraction
methods of total water concentrations by definithal tend to over-estimate the
dissolved concentration in the environment. Thus cansider an agreement within a
factor of two between passive samplers and conweaitmethods to be an acceptable
standard. This agreement demonstrates passivdesarogn be a valuable tool in olil
spill monitoring and damage assessments.”

Page 43, fifth paragraph: If naphthalene was ii@iag from the samples, was equilibrium possible
within the time frame tested? How could sampleshzeen contaminated during extraction?

This was briefly clarified in the text.
Page 46, first paragraph: Do quality assurancepkemnprovide any indication of whether liquid-ligui
extraction could not recover the fluorene? Agaihat does "complications with the methylated

compounds" refer to?

This was explained, as suggested by the reviewer, in the following text:
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“The underestimation of the methyl-fluorene andefdnthrene by the passive samplers
implies there could be complications in assessquglierium concentrations for the
methylated compounds. Perhaps using a methyl&€xfBr this investigation could
have better represented the kinetics of the ma#yleompounds in the passive
samplers.”

Page 50, third paragraph: The discussion of the@ in water concentrations over time and related
changes in passive sampler concentrations seesag¢est that passive samplers should be ablecto tra
changing water concentrations over time. But ayepEB, it seems to take three weeks for samplers to
reach equilibrium.

The changes were made, as suggested by the reviewer, in the following text:
“From previous work we know that PE samplers elalie for the lower molecular
weight PAHs (such as acenaphthene and fluoreree)natter of several days in
Narragansett Bay. Thus,changes in the accumulafidtrese PAHs in passive samplers
over time likely reflects increasing dissolved cemications. In contrast, the higher
molecular weight compounds, with their increasedildgium time, would not have
sufficient time to reflect this increase.”

Conclusions: It would be useful to pull severddiional considerations into the conclusions. The
samplers do not accumulate phenols. It is not ¢tleav samplers could evaluate extremes or average
concentrations over time. Higher log Kow compoudidisnot reach equilibrium, and their concentragion
may not be accurately predicted. The possittfigt field blanks may have higher PAH concentration
than samplers after deployment is disturbing. oauthors have thoughts about how to address this
problem?

The changes were made, as suggested by the reviewer, in the following text:
“This study commenced to examine the effect of terafure and salinity on the
equilibrium partitioning coefficients of passivengalers, so they may be an effective tool
at investigating the fate and transport of oil,c#fieally PAHS, in the Arctic
environment. Time constraints linked to the sirmwdtous analysis of phenols and PAHs
by GC-MS prevented us from studying the uptakehefinols by passive samplers. We
note, however, that other studies have shown pessamplers, such as PE, are capable
to reliably predict water concentrations of polampounds (e.g., Sacks, 2010). For the
PAHSs investigated, it was expected the equilibrpartitioning coefficients would
increase with decreasing temperature and increasiingty. The combination of the
decreasing temperature and increasing salinitybstantial in the Arctic environment
and possesses a potential complication when uigjipassive samplers. This study was
able toreliably demonstrate that the extretegnperature and salinity conditions that passive
samplers would face in the Arctic environment deeha significant effect on the
partitioning of compounds into passive samplershBemperature and salinity must be
accounted for when deploying passive samplersisnuthique environment (Tables 8 &
9). Another effect of this harsh environment whleploying passive samplers is
allowing sufficient time for the passive samplerse¢ach equilibrium, especially for the
higher molecular weight compounds. PRCs can bdamg to reflect equilibrium
concentrations; however, a more diverse mixtureRE€s maybe needed in the Arctic
environment to address the equilibrium time oftiigher molecular weight compounds
and the methylated compounds. Through the crudstualy, as well as the field
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deployment, these passive samplers have reveagdth able to be deployed either

during an oil spill event or prior an oil spill sbudy background concentrations and can
accurately reflect the PAH concentrations presetiie water column. The PE passive

samplers were able to avoid complications in expents and with their larger volume

can more readily be deployed to determine backgt@emcentrations. The SPMEs and

PEs can be deployed to represent time average@catons, representing more
accurate environmental concentrations, averagingioarrect extreme concentrations
that could be captured with discrete sampling. aBse of this unique time averaged
sampling, they may be useful to determine conctatraafter an oil spill event. They
are a valuable resource in studying the fate antsport of oil in ice, and with the
completion of this study are now able to be usédbiy.”
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