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Abstract—Low-density polyethylene membranes, typically filled with triolein, have been previously deployed as passive environ-
mental samplers designed to accumulate nonpolar hydrophobic chemicals from water, sediments, and air. Hydrocarbons in such
samplers, known as semipermeable membrane devices (SPMDs), diffuse through pores in the membranes and are trapped in the
central hydrocarbon matrix, mimicking uptake by living organisms. Here, we describe laboratory and field verification that low-
density polyethylene membrane devices (PEMDs) without triolein provide reliable, relatively inexpensive, time-integrated hydro-
carbon sampling from water. For comparison, polynuclear aromatic hydrocarbon (PAH) uptake in SPMDs and pink salmon eggs
also was studied. Total concentrations of PAH accumulated by PEMDs were highly correlated with concentrations in water (r2 =
0.99) and linear over the range tested (0—17 pn.g/L). Higher-molecular-mass PAH preferentially accumulated in PEMDs and in pink
salmon eggs, but the source of oil in PEMDs remained identifiable. Accumulations of PAH were highly similar to thosein SPMDs.
The PEMDs retained approximately 78% of accumulated total PAH for 40 d in clean water. Thus, a simple plastic membrane can
be conveniently used for environmental monitoring, particularly during situations in which contaminant concentrations are low (in

the parts-per-billion range), variable, and intermittent.
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INTRODUCTION

Environmental water-quality sampling optionsfor detection
of organic hydrocarbons typically include direct extraction of
water samples, monitoring of biological tissue, and passive
chemical sampling devices. Direct measures of hydrocarbon
concentrations in water relate directly to water-quality stan-
dards. However, discrete sampling can easily missintermittent
pulses of contaminants, or quantities may be less than the
practical detection limits [1-3]. Mussels or other biological
tissue may be used, if present and available, to monitor hy-
drocarbons, but compounds are typically actively or passively
exported and often metabolized, reducing the probability of
detection [3-5]. In addition, separation of trace-level contam-
inants from a biological matrix can be problematic. Passive
sampling devices have emerged in recent years that have ex-
cellent detection sensitivity, integrate aqueous concentrations
over time, and are cheaper and easier to analyze than biological
tissue [1,6,7].

Low-density polyethylene membranes, typically filled with
triolein, have been successfully deployed as passive environ-
mental samplers designed to accumulate nonpolar hydrophobic
chemicals from water, sediments, and air (see, e.g., [1,8-11]).
Hydrocarbons in such biomimetic samplers, known as semi-
permeable membrane devices (SPMDs), diffuse through pores
in the polyethylene and are trapped in the central hydrocarbon
matrix, mimicking uptake by living organisms (but without
metabolism). For example, uptake of chlorinated hydrocarbon
and pesticide congeners was similar in SPMDs, mussels, and
fish [6,10,12].
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Semipermeable membrane devices

Polynuclear aromatic hydrocarbon

At low ambient concentrations of organic compounds, |ow-
density polyethylene membrane devices (PEMDs) deployed
without inclusion of the central hydrocarbon reservoir may be
simpler and less expensive sampling devices compared to
SPMDs yet provide the same benefits. Although the idea of
using PEMDs is not novel, little research concerning them has
been published in the primary literature (see, e.g., [13]). We
suspected that PEMDs would not become saturated at total
polynuclear aromatic hydrocarbon (TPAH) concentrations of
a few micrograms per liter (e.g., 15 pg/L, the legal water-
quality limit in Alaska), suggesting the suitability of the sim-
plified sampler design.

Our objective, therefore, was to verify the effectivenessand
reliability of simple PEMDs to sample low concentrations of
polynuclear aromatic hydrocarbons (PAH) with a series of
laboratory and field tests. Motivating factors were the 1989
Exxon Valdez oil spill, now more than a decade old, and con-
cerns about petroleum hydrocarbon entry into watersheds
proximal to urban areas. In both cases, we wished to determine
if PAH was biologically available and could pose risks to
sensitive organisms at sensitive life stages, such as pink salmon
(Oncorhynchus gorbusha) embryos, and we recognized that
such exposures likely were intermittent. Specifically, we com-
pared PAH accumulation (concentration and composition) in
PEMDs to that in treatment water and in pink salmon eggs,
monitored PAH retention in PEMDs in clean or nearly clean
water for up to 40 d, and compared PEMD and SPMD per-
formance in field environments where intermittent, low levels
of PAH were expected. The influence of molecular mass on
the accumulation and retention of PAHs in PEMDs and eggs
was explored to further characterize hydrocarbon exchange and
explain the differences between them. Size-related differences
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Table 1. Polynuclear aromatic hydrocarbon (PAH) analytes, abbreviations, deuterated surrogate
references, molecular mass, and the log of the octanol-water partition coefficient (K,,,)2

Molecular
mass
PAH Abbreviation  Surrogate (g/mal) Log Kgy
Naphthalene NO 1 128.2 3.36
C-1 naphthalenes N1 1 142.2 3.80
C-2 naphthalenes N2 2 156.2 4.30
C-3 naphthalenes N3 2 170.3 4.80
C-4 naphthalenes N4 2 184.3 5.30
Biphenyl BIP 2 154.2 3.80
Acenaphthylene ACN 2 152.2 3.22
Acenaphthene ACE 2 154.2 4.01
Fluorene FO 2 166.2 421
C-1 fluorenes F1 2 180.3 4.72
C-2 fluorenes F2 2 194.3 5.20
C-3 fluorenes F3 2 208.3 5.70
Dibenzothiophene DO 3 184.2 4.53
C-1 dibenzothiophenes D1 3 198.3 4.96
C-2 dibenzothiophenes D2 3 212.3 5.42
C-3 dibenzothiophenes D3 3 226.3 5.89
Phenanthrene PO 3 178.2 457
C-1 phenanthrenes/anthracenes P1 3 192.3 5.04
C-2 phenanthrenes/anthracenes P2 3 206.3 5.46
C-3 phenanthrenes/anthracenes P3 3 220.3 5.92
C-4 phenanthrenes/anthracenes P4 3 234.3 6.32
Anthracene ANT 3 178.2 4.53
Fluoranthene FLU 3 202.3 5.08
Pyrene PYR 3 202.3 4.92
C-1 fluoranthenes/pyrenes FP1 3 216.3 5.48
Benzo[a]anthracene BAA 4 228.3 5.89
Chrysene Cco 4 228.3 571
C-1 chrysenes C1 4 242.3 6.14
C-2 chrysenes c2 4 256.3 6.43
C-3 chrysenes C3 4 270.4 6.94
C-4 chrysenes c4 4 284.4 7.36
Benzo[b]fluoranthene BBF 6 252.3 6.27
Benzo[K]fluoranthene BKF 6 252.3 6.29
Benzo[e]pyrene BEP 6 252.3 6.44
Benzo[a]pyrene BAP 6 252.3 6.11
Perylene PER 5 252.3 6.44
Indeno[1,2,3-cd]pyrene ICP 6 276.3 6.72
Dibenzo[a,h]anthracene DBA 6 278.4 6.71
Benzo[ghi]perylene BzP 6 276.3 6.51

aDeuterated surrogates were naphthalene-d; (1), acenaphthene-d,, (2), phenanthrene-d,, (3), chrysene-

d;, (4), perylene-d,, (5), and benzo[a]pyrene-d,, (6).

were expected, because hydrophobicity increases with molec-
ular mass, a relationship often characterized by the log of the
octanol-water partition coefficient (log K,,) (Table 1).

MATERIALS AND METHODS
Laboratory tests

Low-density polyethylene tubing (thickness, ~98 pm)
without additives (Brentwood Plastics, St. Louis, MO, USA)
was cut into sections (length, 0.5 m) and split longitudinally
to form a single layer (width, 4.9 cm). A final cleanup was
necessary before deployment to ensure that membranes had
not previously accumulated hydrocarbons from air; thus,
PEMDs were immersed in pentane and alternately sonicated
for 15 min and soaked for 30 min (two cycles). After a final
15-min sonic extraction, each PEMD was rinsed with clean
pentane as it was removed from the sonic bath, stored in a
hydrocarbon-free glass jar with a dichloromethane-rinsed alu-
minum foil lid, and frozen (0°C) until deployment. The PEMDs
deployed in these experiments were not weighed, but mass
was estimated by weighing 10 additional, identically sized

PEMDs to the nearest milligram (2.210 = 0.009 g, mean =
standard error).

To measure their capacity to accumulate hydrocarbons,
PEMDs typically were exposed to water-accommodated frac-
tions of oil for 26 or 52 days (range, 26—-30 and 52—63 d,
respectively). The shorter exposure times were within the
range typical for SPMD field deployment (see, e.g., [3,6,7]).
To provide a graded-dose series (five treatmentsincluding con-
trol) (Table 2), 22 kg of oiled or control rock were placed in
each of nine polyvinyl chloride incubators (height, 60 cm;
diameter, 15 cm) according to the methods of Heintz et al.
[14]. Alaska North Slope crude oil was artificially weathered
by heating for 12 h at 70°C, then sprayed onto rock (middi-
ameter, 5.4 mm) at different dose levels (0-3.8 g/kg rock).
Water flow was 1.6 L/min and alternated between freshwater
(8 h) and salt water (4 h) to simulate an intertidal environment
representative of typical pink salmon spawning habitat. Water
flowed 2 d before the start of the experiment to further weather
the oil and remove any particulates. Approximately 2,700 pink
salmon eggs were added to each incubator at the start of the
study, and a day later, one PEMD was placed in the effluent
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Table 2. Dose levels in laboratory experiment 1 and resultant total polynuclear aromatic hydrocarbon (TPAH) concentrations in water,
low-density polyethylene membrane devices (PEMDs), and pink salmon eggs®

TPAH in PEMD (ng/g)

TPAH in eggs (ng/g)

Aqueous TPAH (pg/L)

Treat- 1to 1to 27 to 83 to 0 to 0 to 0to 0to
ment Initial 28d 54d 75d 183d w 27 d 53d 53d 146 d 27 d 53d 75d 183d
Control 0.02 002 0.01 003 0.00 NE 280 + 53° 355 NA NA 25 19 34 16
Trace 066 001 NA 002 NA 5.0 4,560 4,670 NA NA NA NA NA NA
Low 094 003 0.02 003 0.00 14 7,450 6,680 NA NA NA 275 204 24
Mid 370 019 030 011 0.02 0.6 26,900 24,200 NA NA NA 999 + 52¢ 620 88
High 1652 062 0.16 009 0.07 -1.2 118,000 NA 29,300 13,000 9,400 4,220 2,170 163

aSample times are days after experiment began. Mass is dry weight. NA = not analyzed; NE = not estimable; w = the weathering coefficient

in PEMDs on day 27. Except where standard error is reported, n = 1.

bn =2
°n =4

of one randomly selected incubator per treatment. Initial aque-
ous TPAH concentrations ranged from 0.02 (control) to 16.52
ng/L (Table 2). Hydrocarbon-free (dichloromethane-rinsed)
tools were used to place and retrieve PEMDs, which were
frozen in jars pending analysis. Water samples (3.8 L) and
eggs (~10 g wet wt) were collected at approximately the same
time for hydrocarbon analysis (Table 2). Egg samples were
frozen pending analysis. Additional PEMDs were placed in
the high-oil treatment every 30 d to ensure reliable concen-
tration factor estimates (Table 2). Total experimental duration
was 184 d.

To determine hydrocarbon retention, additional PEMDs
were similarly exposed to water-accommodated fractions of
oil, then transferred to clean water and observed for 40 d.
These PEMDs were exposed for 21 d, transferred to clean
water, and sampled after O, 10, 20, or 40 d of depuration. One
PEMD was sampled at each observation time. Retention of
PAH also was examined between 26 and 52 d in the uptake
experiment, in which agueous TPAH concentration for two of
three independent data pairs was indistinguishable from the
control level (in trace- and low-oil treatments) and was 5 to
8% of theinitial aqueous concentration inthe mid-oil treatment
(0.19-0.30 pg/L), thus generally approximating depuration
conditions.

Field comparison of PEMD and SPMD samplers

To compare performance, PEMDs and SPM Ds were placed
side by side in freshwater and intertidal areas. The SPMDs
were purchased from Environmental Sampling Technologies
(St. Joseph, MO, USA). Exposed surface area of the 2.6- X
100-cm SPMDs was the same as that of the PEMDs. In fresh-
water (Auke Lake and surrounding streams, Juneau, AK,
USA), two PEMDs paired with one SPMD were periodically
deployed at four sites for 21- to 23-d periods (May 1999—
February 2000). Membranes were suspended in polyvinyl
chloride pipe (diameter, 5-7.5 cm; length, 60 cm) with open
ends and two rows of 1.3-cm holes spaced approximately 7.5
cm apart. In intertidal streams (Prince William Sound, AK,
USA), four PEMDs and one SPM D were buried approximately
10 to 20 cm in the hyporheic zone below stream channels in
each of four elevation zones [15] in each of six streams. Mem-
branes were suspended centrally in perforated aluminum tubes
(length, 69 cm; diameter, 8.9 cm; 3-mm holes spaced 4.8 mm
on center) on stainless-steel clips fastened to nylon line. Tube
ends were capped with aluminum window screen. Tubes,
screens, associated hardware, and tool s were washed with soap
and water, dried, and rinsed with methylene chloride before

use. Blank SPMD and PEMD samples were collected by first
rigging membranes in a sampler, then retrieving them without
placement in stream water. Membranes were recovered 45 to
56 d after placement and frozen until analysis.

Analyses

All hydrocarbon samples (PEMDs, SPMDs, tissue, and wa-
ter) were extracted with organic solvent. The PEMDs were
wiped to remove gross surface contamination, placed in cen-
trifuge tubes, and spiked with six deuterated PAH standards
(Table 3). Spike solvent (hexane) was allowed to evaporate,
then the tubes were placed in a sonic bath and extracted in
80:20-ml pentane:dichloromethane for 130 min. The sonicator
was on for the first 20 min of each 50-min period. The PEMDs
were rinsed with pentane as they were removed without delay
after the final sonication; extracts were concentrated to 20 to
30 ml, dried with 2 to 4 g of sodium sulfate, concentrated to
1to 2 ml in hexane, and passed through 1.5-g silica gel col-
umns. All SPMD dialyses were completed by Environmental
Sampling Technologies. Dialyzate was spiked with six deu-
terated standards (Table 3), reduced in volume with Synder
columns on a steam bath, purified by gel permeation high-
performance liquid chromatography, and reduced in volume
with hexane solvent transfer on a steam bath. Water samples
were extracted with dichloromethane immediately after col-
lection and spiked with 1 ml of the six deuterated standards
in acetone (Table 3) according to the methods of Short et al.
[16]. Tissue sampleswere extracted with dichloromethane after
addition of six internal standards (Table 3). Isolation and pu-

Table 3. Deuterated surrogate polynuclear aromatic hydrocarbon

(PAH) standards and concentrations in spike used for water,

polyethylene membrane devices (PEMDs), semipermeable membrane
devices (SPMDs), and eggs?

Spike concentration (p.g/ml)

PEMDs, SPMDs,

Water and eggs Surrogate

1.0 25 Naphthalene-dg

1.0 25 Acenaphthene-d,,
0.8 2.0 Phenanthrene-d,,
0.8 2.0 Chrysene-d,,

1.0 25 Perylene-d,,

1.0 25 Benzo[a]pyrene-d,,

aSpike volumes were 500 L for water, SPMD, and eggs and 200
wL for PEMDs. Spike solvent was acetone for water and hexane for
PEMDs, SPMDs, and eggs.
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rification of calibrated and uncalibrated compounds in tissue
samples was completed by silica gel/alumina column chro-
matography followed by size-exclusion high-performance lig-
uid chromatography and fractionation [16,17]. All extracts
were spiked with an internal standard (hexamethyl benzene)
and frozen pending analysis.

Extracts were analyzed by gas chromatography equipped
with a mass-selective detector, and PAH concentrations were
determined by the internal standard method [16]. Experimen-
tally determined method detection limits generally were 1 ng/
g for tissue, 1 to 8 ng/L in water, and 0.18 to 3.94 ng/g in
PEMDs and SPMDs; concentrations less than the method de-
tection limits were considered to be equivalent to zero and are
not reported. The accuracy of the hydrocarbon analyses was
approximately =15% based on comparison with National In-
stitute of Standards and Technology values, and precision ex-
pressed as coefficient of variation usually was less than ap-
proximately 20%, depending on the PAH. Samples with ques-
tionable internal standard recoveries (<25% or >150%) were
excluded from analysis or accepted only as specifically indi-
cated and when results could be independently corroborated
by other data. Internal standard recoveriesin PEMDsincreased
from naphthalenes (54% = 2%) to phenanthrenes (83% = 1%)
and declined slightly toward higher-molecular-mass PAH (70%
+ 2% for benzo[a]pyrene), except that peryelene recovery was
80% = 2%.

A first-order loss-rate kinetic weathering model was used
to determine if PAH composition in PEMDs and eggs was
consistent with composition in source oil and to summarize
PAH composition [18]. Oil composition is summarized by a
weathering index (w); values range from less than zero (com-
position dominated by lower-molecular-wt PAH) to greater
than eight (composition dominated by higher-molecular-wt
PAH).

Concentrations of TPAH were calculated by summing con-
centrations of individual PAH (Table 1). The timewhen TPAH
concentrationsin eggs was at maximum was estimated for each
treatment using a first-order kinetic model that accounted for
uptake from water and declining aqueous TPAH concentrations
[14]. Relative PAH concentrations were calculated as the ratio
of PAH to TPAH. Concentration factors in PEMDs were es-
timated by dividing TPAH concentration (ng/g) by geometric
mean aqueous TPAH concentrations (pg/L). Final agueous
TPAH concentrations were estimated by |east-squares regres-
sion when PEMDs were collected more than 1 d before mea-
surement of corresponding aqueous TPAH concentration. Con-
centration factors were similarly estimated for eggs.

Regression models considered when relating TPAH in ma-
trices (water, PEMD, SPMD, and tissue) to each other were
ladder of powers (x-transformations, x® to —1/x3), exponential,
and power. Because ordinary least-squares regressions often
are not suitable when both x- and y-terms are measured with
error, the major-axis method [19] was used to estimate slopes
when comparing PEMD and SPMD performance.

Rates of TPAH declinefrom PEMDs, tissue, and water were
regressed (exponential models), and rate constants (k) were
compared. To scale them equally, concentrations in each data
set were divided by the initial concentration in that set. Initial
concentrations began on day O for all PEMD and aqueous data
and on day 53 for pink salmon eggs. Relative declines across
oil treatment in tissue and water were similar; thus, all oil
treatments were used as replicates in this analysis. The TPAH
concentrations in tissue were normalized to those on day 53,
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because this was the first time all treatments were analyzed.
Normalized results were consistent with those in the high-oil
treatment when normalized to TPAH concentration on day 15,
the earliest tissue sample. Two-compartment exponential decay
was necessary to adequately model TPAH loss from water. To
ensure that regressions were meaningful, we adopted the ap-
proach that the F-ratio of a regression (F,) should exceed the
usual significance ratio (F.) by a multiple of at least fourfold
[20]. Instantaneous rate estimates, (In(C/C.))/t, where C, =
concentration at time t and C, = initial concentration, were
calculated when too few data were available for regression
analysis.

Concentration factors of individual PAH by PEMDs and
eggs were related to molecular mass by exponential regression.
The shortest possible observation period was used for these
calculations, 26 d for PEMDs (all oil treatments) and 15 d for
eggs (high-oil treatment only). Concentration factors for each
analyte were estimated by dividing the observed concentration
(ng/g) by the geometric mean agqueous concentration (ug/L)
observed during exposure intervals.

Retention of individual PAH by PEMDs and eggs was ex-
amined as a function of molecular mass. Two PEMD data sets
were examined, paired 26- and 52-d data (in which aqueous
TPAH levels had either fallen to control levels or were near
them) (Table 2) and clean-water depuration data. In eggs,
paired 53- and 75-d data (all treatments) and 27- and 53-d data
(high-oil treatment only) were examined. The concentration
of each PAH analyte was divided by that of the corresponding
analyte in earlier sasmples (or mean analyte concentration when
replicated) and then multiplied by 100 to express the result as
a percentage. Data for which ratios were not calculable were
omitted (initial analyte concentrations < method detection lim-
its). Percentage retention was regressed (linear) against mo-
lecular mass by treatment or by depuration time. Analysis of
PEMDs placed in clean water was restricted to three- to five-
ring PAH; all PAHs were included in other PEMD and egg
analyses. To compare slopes, data were further examined with
analysis of covariance after removal of outliers.

To compare PAH composition in PEMD and SPMD sam-
plers, differencesin relative PAH concentrationsin each device
were calculated. Comparison of relative PAH composition was
restricted to locations with evidence of hydrocarbons (several
Auke Lake sites and portions of two Prince William Sound
streams). Datain which PAH/TPAH werezero in both samplers
were not included in estimates of mean differences. Also, C3-
phenanthrenes were not included in samples from Prince Wil-
liam Sound, because a broad competing peak (probably oc-
tadecanoic acid or its methyl esters) precluded quantification
in SPMDs. Single SPMD concentration estimates at each site
and time were subtracted from mean estimates (1 = n = 4)
in paired PEMDs. A more complex, multivariate analysis of
variance designed to compare composition with normalized
PAH vectors [21] failed, because the data set was not large
enough.

RESULTS
TPAH uptake by PEMDs and eggs

Concentrations of TPAH in PEMDs and eggswere all close-
ly correlated with initial concentrations in water whenever
measured (0.933 = r2 = 1.000). Initial agueous TPAH ex-
posure concentrations ranged from 0.02 pg/L (controls) to 17
png/L (high treatment) and declined rapidly in oil treatments
(Table 2). The TPAH concentrations in PEMDs deployed 1 d
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after dosing began and soaked for 26 d were linearly correl ated
with initial aqueous TPAH concentrations (r2 > 0.999, n =
6), as were those soaked for 52 d (r2 > 0.999, n = 4), dem-
onstrating that PEMDs were not saturated at aqueous TPAH
concentrations of 17 pg/L of less. Concentrations of TPAH in
eggs were correlated with initial aqueous TPAH concentrations
after 53-, 75-, and 183-d exposures (0.991 = r2 = 1.000; 4 =
n = 8). Maximum TPAH concentrations in PEMDs (118,000
ng/g dry wt) exceeded those in eggs (10,800 ng/g dry wt) by
an order of magnitude.

The capacity of PEMDs to accumulate TPAH from water
was large. Estimated concentration factors for PEMDs, which
typically were complicated by rapidly changing aqueous TPAH
concentrations, ranged from a minimum of 7.1 X 10° to a
maximum of 1.6 X 10°, depending on the calculation method.
Minimal concentration factor estimates were 7,150 = 160 (n
= 7) when initial aqueous TPAH was the divisor. This likely
underestimates the actual concentration factor, because aque-
ous concentrations dropped rapidly. An intermediate estimate
of 67,000 = 10,000 (n = 7) was obtained using geometric
mean agqueous TPAH concentrations. The highest and, possi-
bly, most accurate concentration factor estimate (1.6 X 10°)
was based on a single 63-d deployment in the high-oil treat-
ment in which bounding agueous TPAH concentrations were
nearly constant (0.09 and 0.07 pg/L on days 75 and 183,
respectively) (Table 2).

Total PAH concentration factors in pink salmon eggs were
smaller than in PEMDs. Calculation of concentration factors
in eggs was complicated by declining TPAH concentrations
in both water and tissue and by sample timing. The maximum
observed TPAH accumulation in eggs was 10,800 ng/g dry
weight on day 15 (high-oil treatment), shortly before the es-
timated maximum accumulation of 11,000 ng/g dry weight on
day 18 in this treatment. Most tissue was not analyzed until
day 53; thus, maximum uptake capacity probably is under-
estimated. For example, TPAH concentration in high-oil treat-
ment eggs was 4,220 ng/g dry weight on day 53, 39% of that
observed on day 15. Under these conditions, the mean con-
centration factor for eggs was 2,900 = 340 (n = 4; day 53;
based on geometric mean agueous concentration), roughly 20-
fold less than in PEMDs. When expressed per dry weight of
lipid, the concentration factor for eggs was 9,200 = 1,100
(approximately sevenfold less than in PEMDs), a measure
more directly comparable to PEMDs (which are functionally
a very large lipid), because most PAH in eggs likely is as-
sociated with lipid.

Uptake of specific PAH by PEMDs and eggs

Accumulation of individual PAH in PEMDs and eggs in-
creased exponentially as molecular mass increased (0.76 < r?
= 0.82, p < 0.001, 16 = F/F. = 103), and concentration
factors consistently increased with alkyl-substitution within
each homologous family (Fig. 1). However, the slope for
PEMDs was significantly greater than for eggs (Pancova <
0.001, where ANCOVA is analysis of covariance). The slope
did not change when uptake in eggs was based on a wet- or
dry-weight basis (instead of lipid), but the position of the curve
was displaced downward.

PAH composition in water, PEMDs, and eggs

The PAH composition in exposure water, PEMDs, and pink
salmon eggs was related to that in the source oil (Alaska North
Slope crude) but differed in specific details (Fig. 2). Naph-
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Fig. 1. Concentration factors of polynuclear aromatic hydrocarbons
in low-density polyethylene membrane devices (PEMDs) and pink
salmon eggs as functions of molecular mass. |llustrated are exponen-
tial regressions with 95% confidence bands and associated statistics;
F./F. is the ratio between the observed F value and the critical F
value.

thalenes, fluorenes, dibenzothiophenes, and phenanthrenes
were consistently present in all three media. Specific PAH
composition in each medium differed from that in the source
oil for several reasons. In water, enrichment of smaller-mo-
lecular-weight PAH (e.g., naphthalene) was evident, because
these molecules dissolve more readily from the contaminant
oil film (compare Fig. 2b to 2a). Conversely, larger-molecular-
weight PAH (chrysenes) were underrepresented in water and
often near or less than detection limits; thus, verification of
source oil was not possible with a first-order loss-rate kinetic
weathering model [18]. In PEMDs, PAH composition was
more characteristic of weathered oil, because proportionately
fewer lower-molecular-weight PAHs were accumulated or re-
tained (Fig. 2d). Percentages of naphthalenesin PEMDs were
always less than bounding percentages in water, and percent-
ages of phenanthrenes were usually greater (e.g., compare Fig.
2d to 2b and 2c). The PAH was more easily detectable in
PEMDs than in water, because it was concentrated by the
plastic and the source of oil was verifiable in all oil-exposed
PEMDs[18]. In pink salmon eggs, naphthal enes were the dom-
inant PAH accumulated, and composition was most similar to
initial aqueous PAH composition (compare Fig. 2e to 2b).
Percentages of naphthalenes tended to increase with time in
eggs, and the source oil typically could not be verified [18].
This was because one or more chrysene homologues were less
than the method detection limits.

Retention of TPAH by PEMDs and eggs

The estimated TPAH retention in PEMDs placed in clean
water was 78% in 40 d, and the instantaneous loss rate was
—0.006 per d. Interpretation was complicated by poor recovery
of two-ring PAH in other depuration samples. However, loss
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Fig. 2. Relative polynuclear aromatic hydrocarbon (PAH) composition
in source oil, water, low-density polyethylene devices (PEMDs), and
pink salmon eggs. Observation times and total PAH (TPAH) concen-
tration are noted in each panel. See Table 1 for explanation of the x-
axis and for acronym definitions. Percentages (of TPAH) in each panel
indicate relative quantities of naphthalenes (NO-N4), fluorenes (FO—
F3), dibenzothiophenes (D0-D3), phenanthrenes (PO—P4), chrysenes
(C0-C4), and five-ring PAHs (BBF to BZP).

of TPAH from PEMDs after 10 and 20 d was consistent with
the 40-d estimate (Fig. 3), indicating that mathematical cor-
rection for poor recovery in these samples was reasonable. To
further assess the accuracy of the clean-water depuration data,
TPAH loss rates were examined in three paired 26- and 52-d
samples in which aqueous concentrations were negligible
(trace- and low-oil treatments) or low (mid-oil treatment) (Ta-
ble 2). Estimated instantaneous TPAH lossratesin these paired
samples ranged from 0.001 to —0.004. That no loss was ev-
ident where w was greatest (trace-oil treatment) (Table 2) is
consistent with better retention of higher-molecul ar-weight
PAH than lower-molecular-weight PAH by PEMDs, as dem-
onstrated in the next section. The estimated rate of loss be-
tween 26 and 52 d where initial TPAH concentration was
highest and mean w was the lowest (mid-oil treatment) likely
was slowed by residual aqueous PAH (5-8% remaining be-
tween 26 and 52 d).

Loss of TPAH from PEMDs in clean water (k = —0.006
+ 0.001) was slower than loss from pink salmon eggs main-
tained in declining aqueous TPAH concentrations (k = —0.021
+ 0.002) and much slower than loss from water (k;, = —0.216
+ 0.032) (Fig. 3). Although eggs were never removed from
treatment water, tissue concentrations peaked between ap-
proximately 18 and 22 d [14] and then declined, well before
depuration modeling began at day 53 (Fig. 3).

Retention of individual PAH by PEMDs and eggs

The PEMDs retained higher-molecular-mass PAH better
than they did lower-molecular-mass PAH (Fig. 4aand b). The
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Fig. 3. Relative total polynuclear aromatic hydrocarbon (PAH) con-
centrations (C) in low-density polyethylene membrane devices
(PEMDs), pink salmon eggs, and water as exponential functions of
depuration time (t). Some PEMDs depurated in clean water (a) (n =
1 for each plotted point). Other PEMDs and pink salmon eggs (means
+ standard error) were maintained in falling agueous total PAH con-
centrations (b). Where present, bounding curves are 95% confidence
bands; F,/F. isthe ratio between the observed F value and the critical
F value.

relationship between PAH retention and molecular mass was
clear in al paired treatments after removal of outliers (0.61
=1r2=0.86, p < 0.001, 9.2 = FJF, = 41) (Fig. 4q). Slopes
ranged from 0.5 to 1.2 %mol/g and was significantly greater
in the mid-oil treatment than in the lower two treatments,
possibly because mid-oil aqueous TPAH concentrations were
greater than in controls between days 26 and 52 and relatively
more high-molecular-mass PAH was present in the water than
low-molecular-mass PAH. However, estimated PAH retention
in PEMDs in which molecular mass was greater than approx-
imately 200 g/mol generally was more than 100%, suggesting
either measurement imprecision or that some larger PAH may
have continued to pass through the water undetected and ac-
cumulate on all of these PEMDs between days 26 and 52.
Some clean-water retention estimates also exceeded 100%,
also suggesting measurement imprecision (Fig. 4b).

The PEMDs also retained higher-molecular-mass PAH bet-
ter in clean-water depuration tests (Fig. 4b). Only three- to
five-ring PAHs were examined in this analysis; two-ring PAH
was not included because of measurement error. Retention of
two analytes, phenanthrene and fluoranthene, was consistently
greater than 200% (theoretically impossible), and these results
also were rejected as a measurement error. Retention of PAH
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Fig. 4. Retention of polynuclear aromatic hydrocarbons (PAH) inlow-
density polyethylene membrane devices (PEMDs) and pink salmon
eggs as functions of molecular mass. (a) Estimates compare PEMD
retention between days 26 and 52 maintained in water where aqueous
total PAH concentrations were at or rapidly approaching background
levels. (b) Estimates were completed in clean water after 10, 20, and
40 d of depuration and include three- to five-ring PAH only. (c)
Retention estimates in eggs were completed between days 53 and 75
where agueous total PAH concentrations were at or near background
levels. All illustrated regressions are linear with 95% confidence
bands. Small symbols indicate outliers identified by regression anal-
ysis and not included in final analyses.

in al three observations increased significantly as molecular
mass increased (0.49 = r2 = 0.75, 0.001 < p = 0.008, 2.2 =
FJ/F. = 7.6) (Fig. 4b). Clean-water depuration results were
consistent with those in paired samples, and slopes were in-
distinguishable from those in paired tests in which agueous
TPAH concentrations were at background levels (Pancova =
0.324).

In pink salmon eggs, evidence that PAH retention was re-
lated to molecular mass was inconsistent (Fig. 4c). Retention
of PAH between days 53 and 75 was unrelated to mass in one
treatment (extreme-oil, r2 = 0.09, p = 0.221, F/F, = 0.4)
declined significantly in two treatments (0.35 = r? = 0.63,
0.002 = p = 0.021, 1.5 = F/F, = 3.4) and increased signif-
icantly in the remaining treatment (high-oil, r2 = 0.72, p <
0.001, F/F. = 8.4) (Fig. 4c). Retention of PAH also may have
increased with molecular mass in an earlier observation of the
high-oil treatment, but correlation was poor (days 27-53, r?
= 0.27, p = 0.015, F/F, = 1.6). The inconsistent relationship
between retention and molecular mass in eggs was unlike the
situation in PEMDs, suggesting that mechanisms influencing
PAH loss were different.

PEMD and SPMD comparison

Composition of PAH accumulated by PEMDs and SPMDs
in side-by-side field tests was similar (see, e.g., Fig. 5). Dif-
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Fig. 5. Comparison of polynuclear aromatic hydrocarbon (PAH) com-
position *+ standard error in low-density polyethylene membrane de-
vices (PEMDs) and semipermeable membrane devices (SPMDs) de-
ployed together at 1.8 to 2.4 m above mean lower low water in Sleepy
Creek, Prince William Sound (AK, USA). Total PAH (TPAH) con-
centrations are noted in each panel. See Table 1 for explanation of
the x-axis. An asterisk indicates that C3-naphthalenes were present
in the SPMD sample but could not be quantified because of the pres-
ence of competing ions associated with triolein or its derivatives.

ferences between relative PAH concentrations in PEMDs and
SPMDs (from Prince William Sound and Auke L ake) averaged
—0.1% * 0.3% (n = 336) and in nearly all cases were within
+5%.

The capacity of PEMDs and SPMDs to accumulate PAH
also was approximately the same, as expected, because the
devices had equal surface areas and probable exposure con-
centrations were low. The TPAH concentrations in PEMDs
and SPMDs (range, 2-1,430 ng/g) were strongly correlated in
samples from a freshwater lake (r2 = 0.992, p < 0.001, n =
12). Major-axis slope estimates were 0.999 and 1.001, indi-
cating that these devices functioned similarly in the lake. Ac-
cumulation of TPAH in PEMDs and SPMDs (range, 20—221
ng/g) also was similar in intertidal streams (major-axis slope
estimates were 0.936 and 1.068). Correlation was poorer with-
in this smaller concentration range (r? = 0.371, p = 0.002, n
= 23). Clearly, PEMDs performed at least as well as SPMDs
within observed TPAH ranges as assessed by accumulation
capacity and similarity in PAH composition.

DISCUSSION

These experiments demonstrate that PEMDs are reliable
passive sampling devices capable of accumulating PAH from
water, a conclusion also reached by others [8,9,22]. Concen-
trations of TPAH accumulated by PEMDs were highly cor-
related with concentrations in oil-contaminated water, and no
evidence was observed for saturation at aqueous concentra-
tions less than 17 pg/L. Hydrocarbons were highly concen-
trated in PEMDs, improving the detection of PAH only present
at low levels in water (e.g., chrysenes). Composition of PAH
accumulated in PEMDs was consistent with source oil, and
although PAH detected in PEMDs was consistently more
weathered than in source water (i.e., relatively fewer naph-
thalenes and more phenanthrenes), composition varied with
that in water and was highly similar to accumulations in com-
mercialy available SPMDs. The PEMDs maintained in clean
water retained most accumulated PAH (78% in 40 d). The
PEMD and SPMD samplers deployed in afield setting clearly
provided the same information: TPAH concentrations were
correlated, and differences in relative PAH composition av-
eraged zero. Thus, a simple plastic membrane can be conve-
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niently used for environmental monitoring, and the lipophilic
reservoir present in SPMDs is not always necessary.

Our approach to environmental monitoring has been to sim-
plify the data collection and analysis as much as practical, and
we have demonstrated that PEMDs perform well as low-level
hydrocarbon monitorsin aquatic environments. Unlike directly
processed water samples, passive membrane samplers provide
time-integrated, concentrated samples, thereby increasing the
likelihood of detecting low-level or intermittent contaminants
[7]. Sampling costs also may be lowered, because frequent
collection, processing, and extraction of large water samples
may be required to achieve the same results [23]. The PEMDs
share many of the same attributes of SPMDs, which have been
accepted for the monitoring of lipophilic contaminants since
their introduction [1] more than a decade ago (see, e.g.,
[24,25]. Although the lipophilic central reservoir in SPMDs
more closely mimics transfer of hydrocarbons across biolog-
ical membranes and is capable of storing high hydrocarbon
concentrations in the reservoir (theoretically, ~3 X 10* for
hydrocarbons with log K, > 5.5[13]), PEMD uptake capacity
is aso high (roughly 10% to 10°-fold aqueous TPAH concen-
trations). Estimated capacity of PEMDs to accumulate PAH
also is similar to pesticide uptake (5.5 X 10* times) by similar
devices [13] and in mussels (2 X 10° in Mytilus edulis [26]).
Our experience indicates that PEMDs provide reliable data at
low environmental TPAH concentrations, a conclusion also
reached for pesticides and polychlorinated biphenyls (PCBS)
by Hofelt [8].

The difference in surface to volume ratios in PEMDs and
eggs likely was a primary factor in the kinetically controlled
uptake differences between them. The surface to volume ratio
in PEMDs (227) was much greater than that in pink salmon
eggs (0.87, with an average egg diameter of 6.9 mm [27]),
explaining in part why more PAH accumulated in PEMDs per
unit massthan in eggs (~20 times). Theimportance of surface—
volume relationships also is evident in an experiment by Luel-
len [9], in which PEMDswith twice the surface areaof SPMDs
accumulated PAH more rapidly.

Differences in rates of PAH accumulation and loss in
PEMDs explain why the PAH composition in PEMDs was
different than that in water. Our results indicate that PAH
uptake increases exponentially with molecular mass (and with
log K., becauseitislinearly related to molecular mass) (Table
1). Furthermore, higher-mass PAH are preferentially retained
by PEMDs in clean water. This selective sampling causes PAH
composition in PEMDs to differ from that in water, yet the
source of oil remained identifiable in PEMDs, perhaps in part
because smaller PAH preferentially accumulate in water. Size-
related (and, hence, lipophilic) differencesin PAH uptake and
retention are consistent with first-order kinetics [18], and dis-
solution processes probably are primarily responsible for these
differences. The sampling efficiency of PEMDs may decline
for organic hydrocarbons in which log K, is greater than
approximately 5.5 [9]. However, in our uptake study, few
PAHs with log K, of 6 or greater were present (9%), and
none with log K, of 6.5 of greater was present. Thus, we did
not observe this decline.

The PEMDs lost TPAH slowly in clean water (22% in 40
d). We conclude the rate of PAH loss is slow enough that
PEMD membranes are valuable as passive sampling devices,
corroborated by high TPAH retention (90-100%) in PEMDs
in water where TPAH concentrations had declined to back-
ground or near-background levels.
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The PAH composition in PEMDs was very different than
that in pink salmon eggs, indicating that PEMD data cannot
simply be substituted for direct measures of biologicaly ac-
cumulated hydrocarbons in all cases. These differences were
not surprising, because uptake and depuration kinetics likely
differ between passive samplers and living organisms. The
latter have complex structures and active cellular processes,
including the ability to metabolize and actively export hydro-
carbons [5]. Greater impedance of larger PAH by the chorion
or other intervening membranes may explain differences in
accumul ation bias between PEMDs and pink salmon eggs (Fig.
1). In small planktonic fish larvae (with no chorions), accu-
mulation bias toward larger PAH [28] was approximately the
same asin our PEMDs and substantially greater than in salmon
€ggs.

The complexity of living systems can make identification
of source contamination more difficult than in passive sam-
plers. Uptake and retention of PAH in organisms depends on
a variety of factors, such as species differences, life stage,
physiological condition, lipid composition, temperature, and
salinity. Correlation has been reported between uptake of hy-
drocarbons by SPMDs and biological species of interest—for
example, organochloride pesticides and PCBs in mussels (M.
edulis [6]), organochlorides in freshwater clams (Corbicula
fluminea [2]), and PCBs in brown trout (Salmo trutta [29]).
However, PCB conger distribution in freshwater clams was
different than in SPMDs, as were distributions of ionizable
chlorinated phenolic compounds in lake mussels (Anodonta
piscinalis [2]). Clearly, neither PEMD nor SPMD data can
simply replace direct measurement in a particul ar specieswith-
out detailed parallel study.

That PAH composition in pink salmon eggs became in-
creasingly naphthalene dominated may have been caused by
the preferential metabolism of larger PAH, which is consistent
with the conclusion by Echols et al. [3] that differences in
contaminant profiles between channel catfish (Ictalurus punc-
tatus) and SPMDs likely were caused by metabolism and dep-
uration of certain PCB congeners by the fish. For example,
cytochrome P4501A is induced by PAH with three or more
rings but may not be induced by PAH with two rings [30].
Others have reported that naphthalenes induce cytochrome
P4501A and ethoxyresorufin-O-deethylase activity, but less so
than benzo[a]pyrene [31]. Cytochrome P4501A activity was
elevated in oil-exposed embryos throughout the time that PAH
retention was studied (unpublished data), and these maturing
embryos had active circulatory systems, increasing the prob-
ability that metabolic activity influenced PAH composition.

The PEMDs reliably accumulate and retain two- to five-
ring PAH and can be used to assess environmental hot spots,
particularly where exposures may be pulsed or intermittent.
Because PEMDs integrate exposure over time, accumulated
PAH concentrations are difficult to relate directly to water-
quality standards. Variables previously identified for SPMD
interpretation, including mean exposure temperature, extent of
biofouling on samplers, and knowledge of effective daily sam-
pling rates for contaminants of interest [7] are needed for
informed back-calculation of agueous hydrocarbon concentra-
tions. Nonequilibrium conditions further complicate estima-
tion of agueous hydrocarbon concentrations. However, PEMDs
can be used to distinguish areas with relatively higher PAH
concentrations from those with lower concentrations. The
PEMDs can potentially be used to identify source contami-
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nation, but analysis of time-integrated samples with multiple
exposure possibilities will be challenging.

CONCLUSION

We conclude that PEMDs reliably sample lipophilic hy-
drocarbons from aquatic environments and provide a method
for monitoring low-level, sporadic hydrocarbon levels. Data
provided by PEMDs under these conditions are comparable to
SPMD data. Loss of accumulated PAH is slow; thus, PEMDs
can reliably capture sporadic or fluctuating events. Compo-
sition of PAH accumulated by PEMDs can be used to identify
hydrocarbon sources in situations not complicated by multiple
sources. We recommend PEM Ds as cost-effective, simpletools
for environmental monitoring.
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