
ABSTRACT 

White, Katrina Elizabeth.  Bioavailability of Polycyclic Aromatic Hydrocarbons in 

the Aquatic Environment. (under the direction of Damian Shea). 

 

 Polycyclic aromatic hydrocarbons (PAHs) are ubiquitous in the environment 

and have been shown to elicit toxicity in humans and other organisms.  Therefore, it 

is important to monitor environmental concentrations of PAHs.  Toxicologically, we 

are concerned not only with the total PAH concentration but, with that fraction 

available to partition into an organism (bioavailable fraction).  This research fits 

within three areas concerning bioavailability of PAHs including; 1) development of 

methods to measure bioavailability in the field, 2) identification and characterization 

of mechanisms controlling bioavailability and, 3) development of models to predict 

bioavailability in the natural environment.   

In the first phase of this research, the role of black carbon (BC) in the 

bioavailability of PAHs in soil and sediment was examined by measuring sorption in 

systems containing BC, natural organic matter (NOM), and microorganisms.  A 

model was developed to predict the bioavailable fraction of PAHs and factors that 

may alter sorption in the natural environment from that predicted by laboratory 

models were examined.  In the second phase of this research, a novel passive 

sampling device was developed to monitor truly dissolved PAH concentrations in 

water. 



Sorption isotherms of pyrene-d10 were measured for diesel soot (DS), 

Suwannee River NOM, Leonardite humic acids (HA), DS previously exposed to 

NOM and HA, in binary systems containing both DS and NOM, and to DS exposed 

to lake water.  When DS was previously exposed to NOM, competition for sorption 

sites was observed.  However, when both pyrene-d10 and NOM were introduced to 

DS simultaneously, less competition occurred and sorption was predicted within 

92% of observed values using additive sorption models (based on the unit-

normalized Freundlich model and Polyani-Dubinin-Manes model).  Weathering of DS 

significantly reduced adsorption capacity but many strong sorption sites still 

remained, possibly due to renewal of sorption sites by microorganisms.  This 

research demonstrated that sorption in the natural environment may be altered from 

that predicted by laboratory models due to 1) competition of linear organic carbon for 

sorption sites on DS, and 2) the presence of microorganisms.  This research has 

important implications for predicting bioavailability and ecotoxicological risk of 

organic contaminants in soils and sediments. 

In the second phase of this research, I evaluated a novel passive sampling 

device, the polydimethyl(siloxane) (PDMS) integrative sampler, by 1) measuring the 

uptake and release kinetics of 48 PAHs from water into PDMS 2) comparing 

methods of loading performance reference compounds and 3) verifying the uptake 

kinetics by comparing PAH concentrations predicted by samplers to measured 

concentrations.  Polycyclic aromatic hydrocarbons with a log Kow > 4.90 remained in 

the linear uptake phase for the duration of the exposure.  Standard deployments of 



two weeks could be used for time-integrative monitoring of these compounds.  

Compounds with a log Kow < 4.38 reach equilibrium rapidly (T50 < 9 d) and the linear 

uptake model could not be used to predict analyte concentrations. Decreasing the 

surface area to volume ratio of the sampler would easily solve this issue.  Surface 

area normalized sampling rates of PDMS samplers and semi-permeable membrane 

devices (SPMDs), the most commonly used passive sampling device, were similar, 

indicating that PDMS samplers are comparable to the SPMD.  Concentrations of 

PAHs in the PDMS samplers predicted concentrations in water within a factor of two 

and on average within 30% of the actual concentration.  Poly(dimethylsiloxane) 

samplers offer great potential for monitoring PAH exposure in the aquatic 

environment. 
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Review of Modeling Paradigms for the Sorption of Hydrophobic Organic 

Contaminants in Soil and Sediment.  
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Introduction 

Environmental acceptable concentrations of contaminants in the environment 

are an important issue in the management of water, soil, and sediment.  The 

question of what concentration of a contaminant is safe is not straight forward, as 

the total concentration in a media does not directly relate to toxicity.  The toxicity will 

be determined by the portion available for uptake or the bioavailable fraction, as it is 

this fraction that may elicit toxicity.   In soil and sediment, the bioavailable fraction 

may be much lower than the total concentration measured because much of the 

chemical may be sorbed to organic matter or other constituents of the sediment.   

The fact that a portion of hydrophobic organic contaminants (HOC) may not 

be bioavailable has been well documented.  For example, the pattern of persistence 

of many compounds in the environment shows an initial rapid rate of degradation 

followed by a prolonged slow rate of degradation that may last for years or decades.  

This is due to a decreased bioavailability of these compounds to the microorganisms 

that degrade them.  Regulatory agencies must therefore set environmental 

acceptable concentrations based on the portion of contaminant available to an 

organism.  In order for this to be accomplished the bioavailability of HOCs must be 

well understood.   However, research on the bioavailability of contaminants in soil 

and sediment has shown that there is a large variation in the bioavailable fraction 

between different soils and sediments and which factors of bioavailability are the 

most important has been the topic of much debate.   
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Sediment Quality Guidelines. 

In the 1990s, sediment quality guidelines were developed based on research 

showing that organic matter was the primary sorbent of organic contaminants and 

that toxicity was better predicted by sediment pore water HOC concentrations rather 

than total sediment HOC concentrations (1).  In other words, the truly dissolved HOC 

concentration (e.g. pore water concentration in sediment) strongly correlated with 

uptake and can be thought of as a measure of bioavailability (1).  Equilibrium 

partitioning theory provided a means to predict concentrations in pore water from 

total sediment concentrations using partition coefficients (1,2).  It predicts that 

organic contaminants will primarily partition between organism lipid and sediment 

organic carbon (OC) and will achieve equilibrium, so that concentrations in different 

media may be predicted from the concentration in another media using partition 

coefficients (Figure 1):  

Kd = CS / CW = KOC fOC      (1) 

where Kd is the sediment - water distribution coefficient, CS is the sorbed 

concentration in sediment, CW is the concentration in pore water, KOC is the OC – 

water partition coefficient, and fOC is the fraction OC in sediment. 

In equilibrium partitioning theory, HOC concentrations in pore water are 

determined by solving equation 1 for Cw, and can be used to predict whether or not 

HOC concentrations in sediments are acceptable by comparing Cw to water quality 

criteria.  The equilibrium partitioning model reduced variation between differing HOC 
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concentrations in sediments and elicited response by normalizing CS to the fOC (1).  

Di toro et al. (1) suggests that variation of a factor of two – three will remain.  

However, a greater variation has been observed. 

The biota-sediment-accumulation-factor (BSAF) was developed along with 

sediment quality guidelines in order to estimate the body burden of a contaminant 

from concentrations in sediment. The BSAF is a measure of bioconcentration rather 

than bioavailability and takes into account metabolism and elimination.  Biota 

sediment accumulation factors can be calculated based on the following equation: 

BSAF = CO / flipid  / CS / fOC     (2) 

where CO is the concentration in the organism (dry weight) and flipid is the fraction 

lipid in organism (dry weight).  Theoretically, this BSAF would be equal to 1 (if you 

assume that the lipid-water partition coefficient (Klipid) is equal to KOC or 2.3 (if the 

octanol-water partition coefficient (KOW) = 0.41KOC) because the activity coefficient or 

affinity of the chemical for lipid and OC is assumed to be approximately equal.  

However, research shows that sorbents are present in the sediment with activity 

coefficients not equal to lipid.  Biota-sediment-accumulation-factors generally are 

between 0 and 10 and have a much lower variability than bioconcentration and 

bioaccumulation factors from water. 

A large body of data has been collected that supports the equilibrium 

partitioning model (1,3,4).  However, over the past two decades several findings 

have suggested that this model is not adequate to predict the toxicity of sediment.  
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Measured Kd values are often much greater than that predicted by organic matter 

alone (5-14) and uptake by organisms exposed to the same total HOC concentration 

in sediment is highly variable, even when normalized to fOC and flipid.  The presence 

of nonlinear sorption isotherms (15-19), fast and slow sorption domains (20,21), 

competition (22), and a decreasing desorption and extractability with time (23) 

indicate that a simple linear partitioning model is not adequate for modeling sorption 

in complex systems containing heterogeneous organic matter with varying sorptive 

properties.  In this paper, components of sediment influencing bioavailability and the 

models of sorption used to estimate bioavailability are reviewed.  Bioavailability of 

HOCs is controlled by physical, chemical, biological, and temporal factors (Table 1). 

This paper will focus on recent research examining physical (characteristics of 

sediment) and chemical processes that affect the bioavailability of HOCs. 

Soil and Sediment 

 A basic understanding of the components of soil and sediment is necessary 

to understand bioavailability.  Sediment is composed of minerals (aluminosilicates, 

oxides, and metals), inorganic particles, organic matter, interstitial water (pore 

water), air, and nonaqueous phase liquids (NAPLs).  Coarse sediments (sand and 

gravel) are composed of large particles and are generally uncontaminated; in 

contrast, fine sediments (clay, silt, mud) are made up of finer particles and in general 

have a higher level of contamination.  Aggregates in soils and sediment are formed 

by various inorganic and organic polymers that act as “glues” causing larger clumps 

of matter to form.  These aggregates allow for formation of many channels and 
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pores within soils and sediment that can alter the overall reactivity with 

contaminants.  In general, aggregate formation enhances water infiltration by 

creating larger channels between particles (24).   

Organic Matter 

Soil and sediment organic matter is commonly defined as dead organic plant 

and animal materials and their metabolites.  They are macromolecules originating 

from living organisms that have been altered through physical, chemical, and 

biological processes.  Organic matter in sediment exists as a continuum from newly 

deposited materials derived from plant, animal, and microbial exudates, to 

moderately aged humic substances, and finally geologically aged kerogen and coal.  

In general, as organic matter ages (if it is not mineralized) it loses its functional 

groups, becomes more aromatic, more persistent, and has higher partition 

coefficients (25,26).  It should be noted that aliphatic carbon is often present in aged 

materials and may also exhibit high sorption coefficients (27). 

Biogenic Origin 

 Organic matter of biogenic origin is the starting point of much of the organic 

matter found in the environment and is made up of newly deposited plant and animal 

parts such as leaves, roots, and other surface litter made up of carbohydrates, lignin, 

proteins, lipids, and wood.  In general, fresh organic matter is only a small portion of 

the total organic matter as it will undergo decomposition processes and serve as the 

parent material for other organic matter. 
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Humic substances 

 Humus or humic substances are a heterogeneous mixture of decomposed 

aliphatic and organic materials that are not identifiable as a specific biomass (i.e. the 

parent molecule of plant parts, polysaccharides, proteins, and lignin) formed through 

the process of humification (25).  During humification, microorganisms convert OC to 

CO2 to obtain energy while depositing nitrogen compounds.  Their chemical 

structure is poorly defined and they are commonly referred to as macromolecular 

acids or oligoelectrolytes, that differ from the parent compounds by their relative 

persistence (28).  Humic substances are made up of amphiphiles (containing polar 

and nonpolar groups) and they form micelles with their hydrophobic moieties 

oriented toward the center and polar functional groups on the outside.   

Humic substances may be chemically characterized based on their solubility 

in acids and bases.  Humic acids are soluble in basic solutions, fulvic acids are 

soluble in both acidic and basic solutions, and humin are insoluble (29).  Fulvic acids 

tend to be yellow, have a low molecular weight, high percentage of polysaccharides 

(up to 30%), a high number of functional groups (carboxylic and phenolic), and a low 

aromatic content (Table 2) (25-28,30).   Humic acids tend to be black, have a higher 

molecular weight, fewer functional groups, and a higher aromaticity.  They also 

make up the majority of organic matter present in soils and sediments, with sediment 

humic acids exhibiting sorption two-fold greater than that of soil (25,31).  Humin, a 

precursor to kerogen or a protokerogen, then has even fewer functional groups, less 

polarity, and greater aromaticity. 
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Kerogen and Coal 

 Kerogen and coal are produced through geological processes associated with 

burial and increased temperatures that result in condensation.  Kerogens are 

disseminated carbon that is insoluble in non-oxidizing acids, bases, and organic 

solvents (25).  Others define it as organic matter that is insoluble in organic solvents 

(25).  These definitions would include coal and some fraction of humic substances.  

Definitions that include base extraction eliminate humic and fulvic acids and acid 

extraction would eliminate some of the humin (25).   Kerogens are derived from 

algae, residues of higher terrestrial plants (spores, pollen, cuticles, resins, and wax), 

phytoplankton, and zooplankton.  Kerogen releases petroleum hydrocarbons at 

increased temperatures of 70 – 130oC (25).  The type of kerogen (liptinite, exinite, 

vitrinite, and inertinite) may be identified through their reflectance and optical 

characteristics (i.e. macerals).     

 While kerogen is dispersed, coals are sedimentary rock made up almost 

completely of carbon.  They are derived from cellulose, lignin, resins, spores, leaves, 

and wood and are produced through peatrification and coalification involving 

anaerobic degradation (25).  They are composed of aromatic polymers, aliphatic, 

aromatic hydrocarbons, and heterocompounds and considered a type of black 

carbon (25).  The glass to rubber transition temperature is about 330oC.   

Pyrolysis Products 

 Other black carbon (BC) is produced through pyrolysis/combustion of 
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vegetation or fossil fuels and includes chars and soot.  Chars are produced through 

combustion of solid fuels and are carbonized residues of the starting material.  Soots 

are produced from particulate carbon that has recondensed from a gaseous phase.  

It is made up of stacked aromatic sheets with many pores, a high surface area, and 

is highly resistant to degradation.   

Sorption 

Sorption of organic contaminants to organic matter is one of the main factors 

controlling bioavailability.  There are two main types of sorption: absorption and 

adsorption.  Absorption involves an association or diffusion into a three-dimensional 

matrix similar to a molecule diffusing into an organic solvent while adsorption 

involves an association of a chemical onto a two-dimensional surface.  In sediment, 

a hydrophobic contaminant (sorbate) is commonly absorbed into organic matter 

(sorbent).  This process reduces the free energy of the sorbate remaining in an 

aqueous solution.  Absorption is linear, rapid, and does not exhibit competition.  The 

sorbate may also displace water molecules near a particle surface and adsorb to the 

surface of that particle via van der Waals, dipole-dipole, induced-dipole, hydrogen-

bonding donor-acceptor interactions, London forces, and other weak intermolecular 

interactions (32).  Although these associations are weak when they exist between 

two molecules, when many molecules interact simultaneously the van der Waals 

interaction is additive and can be much stronger than interactions with pore water 

(33).  Ionizable sorbates with a charge may associate with sorbents of the opposite 

charge.  Differences in sediment may change the amount of sorbate sorbed.  For 



 10

example, if organic matter is dissolved in the water the tendency of HOCs to sorb to 

sediment particles may be reduced because the unfavorable free energy of the 

sorbate remaining in the water is reduced.  Sorption is controlled by the sum of 

these processes including the rate of sorption and the strength of intermolecular 

interactions.   

Chemicals freely dissolved in water are subject to processes such as 

diffusion, volatilization, degradation, and uptake or diffusion into an organism.  

These processes may to a large extent be excluded for chemicals associated with 

particles or organic matter because these chemicals may be located at remote sites 

within the particle or the activation energy of desorption may be high, making them 

unavailable for diffusion.  Chemicals associated with particles or organic matter are 

subject to settling, re-suspension, deposition, uptake into an organism through 

ingestion and subsequent desorption, and diffusion into another phase only if 

desorption occurs. 

Absorption  

Chiou and Karickhoff laid the ground work for much of the research on 

absorption in organic matter (34,35).    They measured sorption of organic 

compounds in sediments and soils over a range of concentrations in water and 

found that overall isotherms were linear, directly related to the fOC, and independent 

of other compounds (35).  This indicated that sorption into OC was a function of 

absorption similar to partitioning into an organic solvent (35,36).   They correlated 
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carbon-normalized or organic matter normalized partition coefficients (KOC or KOM) to 

aqueous solubility (SW) and the KOW.  Karickhoff found that the KOW was the best 

predictor of KOC values (35).   

This work was derived from linear-solvation-energy relationships (25). 

Partition coefficients may be calculated, when the activity coefficient of the solute in 

water is independent of concentration (i.e. up to the solubility limit) based on the 

following equation: 

KOM = 1/ γOM VOM ρΟΜ SW     (3) 

where γOM is the activity coefficient of the solute in water, VOM is the molar volume of 

the organic matter, ρΟΜ is the density of organic matter, and SW is the aqueous 

solubility.  This equation shows that the KOM is inversely proportional to SW (log KOM 

= a – b log SW) (33).  However, for many nonpolar compounds the KOW is a better 

predictor of the KOM, with the best regressions developed for compound classes 

(10,25,37-42).  Regressions have also been developed for specific environments.  

For example, KOC’s of polycyclic aromatic hydrocarbons (PAHs) tend to be greater in 

sediment than in soil and they tend to have a greater KOC than PCBs with similar 

KOW (25).  Allen-King et al. (25) provides a thorough review of this literature and 

suggests that sorption for humic substances can be accurately predicted within a 

factor of three using published regression equations for both SW and KOW.   

Adsorption 

There are two main adsorption isotherm equations commonly used to 
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describe nonlinear sorption:  the Langmuir and Freundlich equations (Figure 2).  

Both of these models fit data on the mass adsorbed solute per amount sorbent (q or 

X/m in µg/kg) over a range of equilibrium concentrations of the solute in a specified 

medium (water for purposes of this paper, Ce in µg/L) at a constant temperature.  

The Langmuir model assumes a defined number of sorption sites which can bind 

one molecule and have a uniform energy of adsorption (Figure 2).  It also assumes 

that molecules on adjacent sorption sites do not interact.  This implies that only a 

monolayer of molecules may adsorb to the surface of the sorbent.  In other words, at 

high concentrations of solutes in water the amount sorbed to the sorbent becomes 

constant due to saturation.  Two constants are estimated in the Langmuir equation 

(equation 4).  The maximum site sorption capacity (qmax in µg sorbate/kg sorbent) is 

the concentration sorbed when one monomolecular layer occurs. The Langmuir site 

sorption affinity (b in L water/ µg sorbate) is a constant related to the heat of 

adsorption (43).   

q = b qmax Ce / (1 + b Ce)     (4) 

The Freundlich model assumes that q may continue to increase with 

increasing solute concentrations in water and is not constrained to a monolayer 

(Figure 2).  Although it is physically impossible for q to continuously increase, most 

relevant systems are dilute enough that this area of the curve is not approached 

(44).   This model also assumes that the energy of adsorption distribution for 

different sorption sites is exponential in nature (44).  The two constants measured in 
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the Freundlich equation are the Freundlich distribution coefficient (KF) and the 

Freundlich exponent (nF) (equation 5).  Steep slopes (nF near 1) indicate that the 

adsorptive capacity is high at high Ce and rapidly decreases at low Ce.  Flat slopes 

(nF << 1) indicate that adsorptive capacity is only slightly reduced at low Ce.   

q = KF Ce
nF       (5) 

The Freundlich model has consistently been shown to describe sorption of 

organics to BC (6,45-47).  The model accounts for the expected variability in 

adsorption energies among sorption sites and does not constrain sorption to a 

monolayer.  It is not expected that sorption sites on environmental BC are uniform in 

adsorption energies or that only a monolayer of sorption will occur.  However, the 

Langmuir model does allow for an estimation of the number of sorption sites 

available and also fits isotherm data for many BC materials.  Cornelissen and 

Gustafsson (45) measured isotherms for combusted sediment and used the 

Langmuir model to estimate when saturation of BC would occur.  Use of the 

Langmuir model allows for estimation of the q value in which sorption will transition 

from sorption to BC to sorption to other PAHs or organic matter bound to BC. 

In very dilute systems, b Ce becomes so small that it can be neglected and 

the Langmuir equation can be reduced to the equation for a distribution coefficient: 

KBC = q / Ce = b qmax     (6)   

where KBC is the BC-water distribution coefficient.  Van Noort et al. (48) used this 

equation and thermodynamic data to estimate Langmuir parameters using KBC 
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values measured at less than 1% the solubility of the compound (48).  The Langmuir 

affinity was estimated based on the following equation: 

 b = 1 / Ss exp (∆Sm – 15 J/(mol K)) / R   (7) 

where SS is the solid solubility in water in mol/m3, ∆Sm is the sorbate entropy of 

melting, and R is the ideal gas constant.    

Carmo et al. (49) showed that the units of KF vary nonlinearly with nF (49).  

This results in inaccurate comparisons of KF values for different sorbents (49).  They 

proposed using a solubility-normalized Freundlich isotherm based on a relative 

concentration shown in equation 8:   

q = K*F (Ce / SW)nF        (8) 

where K*F is the unit-normalized sorption coefficient and represents the mass 

adsorbed when saturation is approached (49).  This equation converges isotherms 

for various compounds to the same material to a single isotherm due to sorption 

components being inversely proportional to SW according to Raoult’s Law (Figure 3) 

(25).  At high concentrations and when linear sorption dominates, K*F/fOC is equal to 

the compound solubility in organic matter (25).   

Many researchers recognize that adsorption models derived from the Polanyi 

adsorption potential for gas phase adsorption (equation 9) are the most powerful for 

modeling adsorption to sorbents with heterogeneous surfaces (50): 

ε = R T ln (Po/ P)      (9) 
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where ε is the differential work of adsorption, Po/P is the partial pressure, and T is 

the temperature.  In this model, the volume of adsorbed molecules per mass sorbent 

(V/m) (the mass adsorbed per mass of sorbent can be converted to V/m using 

density) is plotted against the differential work of adsorption (RT ln (Po/P)) to form a 

characteristic curve (50).  Alternately, a correlation curve may be constructed by 

replacing the differential work of adsorption with T/V log Po/P (50).  This model 

assumes that there is a fixed adsorption space around the adsorbent with the 

primary mechanism of adsorption being van der Waals forces or London forces for 

gases and vapors  (32,50).  All sorbates on a given sorbent will have a common 

limiting volume at zero adsorption potential and these adsorption potentials are 

related to each other by constant characteristic factors (50).  Therefore, isotherm 

curves for a given sorbent will collapse when an appropriate divisor (often a 

normalizing factor (Ν) is used) that accounts for differences in molecular size (50).  

The Dubinin and Ashtakhov equation, developed for gas and porous structures is fit 

to the above curve: 

q’ / q’max = exp [-(R T ln (Po / P)/ βi Εo)d]    (10) 

where q’ is the adsorbed volume, q’max is the maximum adsorption capacity, βiΕo is 

the energy of adsorption, with βi as the ratio of adsorption energy between the 

sorbate and a reference compound (ε/εο), and Εο is the energy of adsorption for the 

reference compound.  The exponent d is a fitting parameter.  Manes suggests that 

the βiΕo may be estimated from the molar volume of the sorbate (Vm) with a 

correction factor (γ) (βiεo = Vmγ)  (25,50).   
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 Manes and coworkers extended this model to be used in aqueous systems 

with the primary difference being that the sorbate must displace an equal volume of 

water on the sorbent (51).  The Polanyi-Dubinin-Manes adsorption potential (εSW) is 

the work or free energy required for a molecule to move from bulk solution to the 

adsorption space and varies with solution concentration (32): 

εSW  = R T ln (SW / Ce)     (11)  

Manes suggests that when compounds exist in the solid state or crystalline state 

under ambient temperatures, they will have a reduced packing efficiency.  Replacing 

SW with the subcooled liquid solubility of the compound (SSC) would move isotherms 

closer to that of liquid chemicals (25).  However, energy differences between 

adsorption as a solid and adsorption as a liquid are overestimated by the heats of 

fusion and many researchers still use the SW (16,50,52) .  The free energy ranges 

from a maximum value, when the adsorbed volume is low, to zero, when the 

concentration reaches the solubility limit or the adsorbed volume reaches its 

capacity (32).  The Polanyi-Dubinin-Manes Model (PDM) equation describes 

nonlinear sorption in aqueous systems by replacing ln (Po/P) with ln (SW/Ce): 

q’ = q’max exp [-(R T ln (SW / Ce)/ βi β∗ Eo)d]   (12) 

where β∗ is the ratio of the characteristic adsorption energy in water versus gas (β∗ = 

Eo,water / Eo, gas).  This model predicts the same adsorbed volume for all chemicals 

with similar abscissa and that this can be determined by Ce/SW and the chemicals 

affinity, βiβ∗Eo (25).  Accordingly,  βiβ∗Eo may be replaced by a normalizing factor 

estimated from the solute properties (25).  Xia and Ball used the Vm to estimate 
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βiβ∗Eo and successfully fit multiple compounds (benzene, chlorobenzenes, and 

PAHs) to a characteristic curve for an aquitard material using the following equation 

(16):  

 log (qe’) = log (QO’) + a’ (εSW / Vm)b’   (13) 

where qe’ is the adsorbed volume per unit mass of sorbent (cm3/kg), QO’ is the 

adsorption capacity at saturation (cm3/kg), and a’ and b’ are fitting parameters (the 

‘ distinguishes between volume (qe’) and mass (qe) of the sorbate) (Figure 4).  This 

successfully collapsed isotherms for sorbates that were liquids but not solids, which 

tend to have a lower adsorption capacity (16).  They did not use the subcooled liquid 

solubility for solid compounds (which would result in moving the solid isotherm closer 

to that of liquids) because the heat of fusion for the chemicals in question were all 

much higher than the energy differences between adsorption as a solid and 

adsorption as a liquid (calculated as 2.3 RT log SSC/SS) (16).  They suggest the 

reduced maximum adsorption capacity for solid chemicals is due to a decreased 

packing efficiency within micropores (16) and that the fit of the PDM model to their 

aquitard material suggests that sorption is the result of pore filling onto a high 

surface area carbon material (16).  

Crittenden et al. (32) developed a method of estimating Ν based on 

adsorption energy, interaction energy between organic sorbate and adsorbent, 

interaction energy between water and the adsorbent, interaction energy between 

adsorbed molecules, the interaction energy between organic and water molecules, 

and the interaction energy between water molecules (32).  This results in the 
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following equation for Ν: 

 Ν = k1 Vi/100 + k2 π∗ + k3 β + k4 α + k5   (14) 
 
where k1, k2, k3, k4, and k5 are empirical constants, 100 is a scaling factor, Vi is the 

intrinsic molar volume, π∗ is the polarity/polarizability parameter, β is the hydrogen-

bonding acceptor parameter, and α is the hydrogen-bonding donor parameter.  

Crittenden et al. (32) applied this method to 56 organic compounds and 8 sorbents 

(mainly activated carbon materials) and found a common isotherm.     

Kleinedam et al. (51) successfully used the following form of the PDM model 

to describe sorption onto to various carbon materials:  

CS = Vo ρο exp [-R T(-ln Ce / SW)/ E]b   (15) 

where VO is the maximum volume of sorbed chemical per unit mass of sorbent 

(cm3/kg), and ρο is the compounds density (g/cm3).   In this equation, the only fitting 

parameters are VO and E.     

 The exponent b is comparable to the d exponent and is dependent on the 

distribution of the adsorption energy.  It is often set to a predefined number (1-5) 

based on characteristics of the sorbent, for example the Dubinin-Radushkevich 

equation uses a value of 2 (51).  Manes suggests that predefining d was originally 

performed for convenience in converting curves to a straight line and that a 

predefined value is no longer needed.   

Combined  Models 

Two basic concepts have been used to describe the dual mode sorption 

phenomenon that includes both linear and nonlinear sorption.  The organic matter 
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polymer theory views organic matter as a polymer which may exist in either a soft, 

rubbery like state (temperature is above the glass transition temperature) or a hard 

glassy state (temperature is below the glass transition temperature).  Sorption into 

organic matter in the soft or rubbery state is assumed to be linear and for the hard or 

glassy state, nonlinear.  The other theory relies on the heterogeneity of organic 

matter and suggests that linear sorption will occur for the fulvic and humic acids with 

the isotherm becoming more nonlinear for high surface area carbon materials such 

as kerogen, coal, and pyrolysis products. Whichever theory is used, it is understood 

that both linear and nonlinear sorption should be accounted for.  It is likely that both 

theories are important in understanding the overall sorption process in sediments.  

However, recently the importance of high surface area carbon materials (HSACM) in 

nonlinear sorption has been clearly demonstrated (6,10,45,47,53-57).  Allen-king et 

al. (25) suggest that 1) the absorption portion of the curve can be approximated 

within a factor of three based on the large body of literature available, 2) the largest 

deviations from the absorption model will occur at low aqueous concentrations and 

will be due to thermally altered carbon materials, and 3) the crossover point from 

adsorption dominated isotherms to absorption dominated isotherms depends on the 

strength of the sorbent and the relative amount of the adsorption sorbent present in 

comparison to the amount of sorbent exhibiting absorption behavior. 

The majority of combined models assume that sorption is additive, that is, a 

sum of the nonlinear and linear sorption curves.   

q = qL + qNL       (16) 
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where qL is the sorbed concentration due to linear sorption and qNL is the sorbed 

concentration due to nonlinear sorption.  The linear model has been combined with 

the Freundlich, Langmuir, and PDM models with variations in whether the fOC and 

fraction BC (fBC) are considered (Figure 5).  For the purposes of this review, these 

models will be referred to as combined models based on the method used to model 

nonlinear sorption.   

Bucheli and Gustafsson (6) suggested that Kd in sediments should be 

estimated based on sorption to both OC and soot carbon: 

Kd = fOC KOC + fSC KSC     (17) 

where fSC is the fraction soot carbon and KSC is the soot carbon-water distribution 

coefficient.  The fOC and fSC or fBC is estimated from the total OC (TOC), where fOC is 

the fraction OC exhibiting linear sorption and fBC is the fraction exhibiting nonlinear 

sorption and they add up to the TOC.  This equation does not account for the fact 

that the KSC is dependent on the Ce.   

 Accardi-Dey and Gschwend (46) expanded this model to account for the 

nonlinear sorption onto BC materials: 

CS = fOC KOC Ce + fBC KF,BC Ce
nF    (18) 

where KF,BC is the Freundlich distribution coefficient for BC.  The Kd can then be 

estimated based on the following equation: 

 Kd = fOC KOC + fBC KBC Ce
nF-1    (19) 

This equation was successful in predicting Kd values of PAHs, polychlorinated 

dibenzo-p-dioxins, and polychlorinated biphenyls to marine sediments (46,47,58) 
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and estimating body burdens and pore-water concentrations in marine sediments 

(59).   

The Langmuir model has also been used to model sorption in combined 

models (19). 

CS = KOC Ce + b qmax Ce / (1 + b Ce)   (20) 

Huang et al. (19) applied this model for phenanthrene to 27 different soils and 

sediments and found it fit the data well.   

Xia and Ball (16) developed a combined model based on the PDM model: 

 q = QO’ x 10a’(εSW /Vs)b’ x ρο +Kp Ce    (21) 

In this model, q is plotted against the adsorption potential density (εSW/Vm) and a’, b’, 

q’max, and Kp (OC-water partition coefficient) are the fitting parameters (16).  This 

model successfully predicted sorption of 9 compounds to an aquitard material (16). 

 Other researchers have also used a combined PDM model but added a 

parameter for the fOC (51,52).  For example, Kleinedam et al. (51) used the following 

equation. 

 CS = Vo ρο exp [-R T(-ln Ce / SW) / E]b + fOC Kp Ce (22) 

In this model, Kp was estimated based on KOC values and Vo and E are the only 

fitting parameters for the nonlinear part of the isotherm.  They found that the 

subcooled liquid solubility rather than water solubility tended to have a better fit and 

used this model to describe sorption of five organic compounds to nine sorbents (51).   

 Finally, Cornelissen and Gustafsson (60) developed a combined Freundlich 

model that compartmentalized nonlinear sorption onto BC (soot and charcoal) and 
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unburned coal: 

 CS = fOC KOC Ce + fBC KF,BC Ce
nF,BC + fCC KF,CC Ce nF,CC (23) 

where CC designates the parameters for coal carbon.   

Competition 

All of these models fail to account for the expected competition present in the 

environment.  Zhao et al. (22) developed a competitive dual mode model based on 

the Langmuir model and successfully predicted sorption of phenanthrene, 

anthracene, and pyrene to sediment.  The PDM model has also been developed to 

account for competition and this is reviewed well by Manes (50).   

I hypothesize that OC exhibiting linear type sorption (hereafter referred to as 

linear OC) may act as both a sorbent and a sorbate onto OC exhibiting nonlinear 

sorption (hereafter referred to as nonlinear OC).  This is supported by the work of 

Cornelissen and Gustafsson (45) who measured sorption of phenanthrene to original 

sediment, sediment stripped of native sorbates (containing linear OC and BC), and 

combusted sediment (containing only BC).  At low aqueous concentrations 

phenanthrene sorption to combusted sediment exceeded the sorption to the original 

sediment and sediment stripped of native sorbates, indicating that native 

contaminants and/or OC competed for sorption sites on the BC.  They calculated an 

environmental KF,BC that was lower than the intrinsic KF,BC by a factor of nine (45).   

With this in mind, a good model would need to consider the ratio of linear 

OC/nonlinear OC with a factor to estimate when saturation of nonlinear OC occurs 

and you have a transition to sorption dominated by partitioning.  Further, the 
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sorbates (for example PAHs native to diesel soot) may also need to be treated as 

both sorbates onto nonlinear OC and sorbents for further sorption of other organic 

contaminants.  This is supported by Hong et al. (61) who found that lampblack (a 

type of BC) containing high levels of PAHs exhibited sorption similar to that of a coal 

tar mixture due to saturation of sorption sites on the lampblack.     

Discussion  

  All of these models have been used in the literature to estimate sorption of 

organic contaminants to soils, sediments, and BC materials with the combined 

Freundlich model and the combined PDM model being the most widely used.  Both 

of these models have advantages and disadvantages.  For example, the combined 

Freundlich model is the easiest to use but the units of KF are not linearly related to nF.  

The combined PDM model allows for the estimation of sorption parameters at 

various temperatures and for other compounds but it is difficult to estimate Ν.  Xia 

and Ball’s (16) method of estimating PDM parameters using the molar volume has 

significantly reduced this complication.  The prominent questions that are being 

debated are 1) whether to use the SW or the SSC for normalization of Ce, 2) which 

model is most appropriate for modeling sorption across many sediments and soils 3) 

how to account for competition, and 4) how to account for linear OC acting as a 

sorbate and sorbent.  Future research should test a combined normalized Freundlich 

model and a combined PDM model that incorporates fBC.  It should also examine 

how linear OC may alter sorption on BC materials from that predicted by laboratory 

models. 
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Figure 1.  Equilibrium partitioning theory. Equilibrium partitioning theory predicts that 
a nonionic chemical will partition primarily between organism lipid and sediment OC 
and will achieve equilibrium so that concentrations in different media may be 
predicted from the concentration in another media using partition coefficients.  The 
sediment water distribution coefficient (Kd) may be estimated using the following 
equation: Kd = CS/CW = fOC KOC. 
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Figure 2.  Comparison of the models used to estimate sorption of organic contaminants in soil and sediment. 
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Figure 3.  Isotherms representing the traditional Freundlich model and the normalized Freundlich model.  
Normalization of the equilibrium concentration in water to SSC results in a collapse of isotherms to one plot.  Data 
shown [15] are from the Freundlich model applied to an aquitard material.  Freundlich distribution coefficients were 
converted to K*F using K*F = KF (SSC) nF. 
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Figure 4.  Representation of the Polyani-Dubinin-Manes model. 
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Figure 5.  Comparison of the contribution of linear and nonlinear sorption for pyrene.  
The portion of linear sorption is calculated by CS = fOC KOC Ce, where fOC = 0.012 and 
KOC = 104.16 (L/kg).  Nonlinear sorption for the Freundlich model is calculated using 
CS = fBC K*F (Ce/SSC)nF and for the PDM model using CS = fBC Q’o x 10 (a’εSW/Vm)^b’ x ρ , 
where fBC = 0.0026, K*F = 105.24 (mg/kg), nF = 0.7309, Q’o = 101.3547 (cm3/kg), a’ = -
0.0073, and b’ = 1.7802.  Combined models are the sum of linear and nonlinear 
sorption.   
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Table 1.  Factors affecting bioavailability of hydrophobic organic 
contaminants. 

I.  Physical 

A.  Sediment Characteristics 

1.  Type of organic carbon 

a) Polarity 

b) Aromaticity 

c) Soot Carbon 

2.  Pore Structure 

3.  Specific Surface Area 

B.  Temperature 

C.   Advection 

D.   Sedimentation and Re-suspension 

II.  Physicochemical  

A.  Physicochemical Properties of Contaminant 

B.  Dissolution 

C.  Desorption 

D.  Diffusion 

E.  Speciation 

F.  Degradation 

III.  Biological factors  

A.  Bioturbation 

B.  Ingestion 

C.  Assimilation Efficiency 

D.  Benthic/Paleagic 

E.  Feeding Behavior 

F.  Biodegradation 

IV.  Temporal 

A.  Sequestration 

B.  Wet/dry Season 



 35

 

Table 2.  Characteristics of different types of organic matter. 

Organic 
Sorbent 

Approximate 
Age (yrs)ad MW (Da)ad 

C 

(wt%)abcd

H  

(wt %)abc 
N 

(wt%)acd
O 

(wt%)b H/Cbc O/Cb 

Biogenic 
Materials   44-76 5-12  12-55 0.9–1.9 0.12–0.85 

Fulvic Acids 102-103 200–2300 41-51 3.8–7 0.8 39-50 1.1–1.6 0.71–0.75 

Humic Acids 102–103 20000–104 53-60.4 1.42–6.5 1.42-2.4 32–38.5 0.7–1.4 0.45–0.51 

Humin 103 104–106 54 4.5  33 0.99 0.46 

Kerogen 104-106 104–106 35.8-83 2.74-11 0.68-2.3 6-12 0.72–1.70 0.05–0.11 

Coals 104-106 105-106 70-94 3-6 1.8 3-27 0.38–0.89 0.02–0.27 

Pyrolysis 
Products   50-97 0.1–6.2 <0.4–0.8 0.9-45 0.01–0.78 0.01–0.51 

a Data from Weber Jr, W. J.; Leboeuf, E. J.; Young, T. M.; Huang, W. Wat Res 2001, 35, 853-868. b Data from 
Allen-King, R. M.; Grathwohl, P.; Ball, W. P. Adv Water Res 2002, 25, 985-1016. c Data from Salloum, M. J.; 
Chefetz, B.; Hatcher, P. G. Environ Sci Technol 2002, 36, 1953-1958. d Data from Goldberg, E. D. Black carbon in 
the environment; Wiley: New York, 1985. 
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Abstract.  Sorption isotherms of pyrene-d10 were measured for diesel soot (DS), 

Suwannee River natural organic matter (NOM), Leonardite humic acids (HA), DS 

previously exposed to NOM and HA, in binary systems containing both DS and 

NOM, and to DS exposed to lake water.  The dissolved concentration was measured 

using polyoxymethylene or poly(dimethylsiloxane).  Sorption to DS and HA was 

nonlinear and exhibited high Kd values, indicating that both HA and DS may 

contribute to nonlinear sorption and high Kd values observed in the environment.  

When DS was previously exposed to NOM, competition for sorption sites was 

observed.  However, when both pyrene-d10 and NOM were introduced to DS 

simultaneously, less competition occurred and sorption was predicted within 92% of 

observed values using additive sorption models (based on the unit-normalized 

Freundlich model and Polyani-Dubinin-Manes model).  Weathering of DS 

significantly reduced adsorption capacity but many strong sorption sites still 

remained.  This research demonstrated that sorption in the natural environment may 

be altered from that predicted by laboratory models due to 1) competition of linear 

organic carbon for sorption sites on DS, and 2) the presence of microorganisms.  

This research has important implications for predicting bioavailability and 

ecotoxicological risk of organic contaminants.
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Introduction 

Sorption controls the fate, transport, and bioavailability of hydrophobic organic 

contaminants (HOCs) in soils and sediments.  In the 1990s, sediment quality 

guidelines were developed based on evidence that organic matter was the primary 

sorbent of organic contaminants and that toxicity was better predicted by HOC 

concentrations in sediment pore water rather than total HOC concentrations in 

sediment (1). 

 Over the past two decades, several findings have suggested that the 

equilibrium partitioning model is not adequate to predict the toxicity of sediment.  

Measured solid-water distribution coefficients (Kd) are often much greater than that 

predicted by organic matter alone (2-11), and sorption of HOCs in sediment 

frequently deviates from a simple linear model.  For example, HOC sorption has 

demonstrated nonlinear sorption isotherms (12-16), fast and slow sorption domains 

(17,18), competition (19), and a decreasing desorption and extractability with time 

(20).   

The source of nonlinear sorption and increased Kd values has been attributed 

to the presence of high surface area carbon materials in soils and sediments (21), 

including kerogen, coal, and black carbon (BC) materials such as soot and char.  

Black carbon is a type of hard carbon and adsorption is nonlinear, decreases with 

increasing sorbate concentration, and is expected to have a saturation point.  

Measured BC – water distribution coefficients (KBC) tend to be substantially higher 
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(35 - 250x) than corresponding KOC values, and thus would increase measured Kd in 

the environment.   

As sorption onto BC materials is a function of adsorption, competition for 

sorption sites is expected.  Oil (22),  organic carbon exhibiting linear sorption (linear 

OC) (23), and other contaminants (22) have all been shown to reduce subsequent 

sorption onto BC.  In this study, it was hypothesized that linear OC competed for 

sorption sites on BC.  Isotherms were measured in systems containing diesel soot 

(DS), natural organic matter (NOM), humic acids (HA), DS previously exposed to 

NOM and HA, and in binary systems containing DS and NOM.  Isotherms were also 

measured for DS exposed to water from Lake Raleigh (Raleigh, NC) to simulate the 

affects of weathering of DS in the natural environment.  

Materials and Methods  

Materials.  Diesel soot was supplied by the Environmental Protection Agency and 

was collected from a Volkswagen engine.  Suwannee River NOM and Leonardite HA 

were obtained from the International Humic Substances Society, St. Paul, MN.  A 

thin sheet of poly(dimethylsiloxane) (PDMS) (0.16 mm thick) and polyoxymethylene 

(POM) (0.5 mm thick) was purchased from the distributor McMaster Supply Co., 

Atlanta, GA.  Polycyclic aromatic hydrocarbons (PAHs) were obtained from 

Accustandard, New Haven, CT and deuterated PAHs from Crambridge Isotopes, 

Andover, MA.  All solvents were ultra-resi analyzed or HPLC grade. 
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Isotherm Measurements.  Sorption of pyrene-d10 (PY-d10) to DS was measured 

using POM or PDMS to measure the dissolved concentration based on a three 

phase equilibrium system, similar to the methods of Jonker and Koelmans (24) and 

Cornelissen and Gustafsson (23).  All other isotherm measurements were conducted 

using PDMS.  Sorbent (0.006 – 0.165 g), deionized water or low carbon water (< 3 

µg/L, 90 – 900 mL), and either POM (~ 0.03 g) or PDMS (~0.03 or 0.05 g) were 

placed in 0.1 – 1 L amber jars.  The system was spiked with PY-d10 in methanol 

(initial Cw ranged from 0.277 – 100 µg/L) and shaken at 150 rpm for (30 – 35) days 

at 25oC.  Strips of PDMS or POM were then removed, rinsed with deionized water, 

dried, and extracted.  The time to reach steady state was verified by sampling at 5, 

11, 15, 20, 27, and 32 days and steady state was reached in all experiments 

between days 5 and 11.  Control jars that only contained deionized water and POM 

or PDMS were analyzed by the same procedures.  Water and PDMS or POM were 

extracted for these jars.  Isotherms were measured for sorbent DS, Suwannee River 

NOM, and Leonardite HA, separately.  In addition, DS was exposed to Suwanee 

River NOM (1:1 ratio of NOM to DS), and DS was exposed to Leonardite HA at 2%, 

20%, and 50% DS:DS + HA (w/w) in 90-mL deionized water.  Jars were shaken at 

150 rpm for 30 days.    Diesel soot was also exposed to 4-L water from Lake Raleigh 

with renewal of water every 3 – 4 weeks (6 renewals) over 6 months.  Exposed DS 

was separated from water by filtering (0.8-µm Whatman nylon membrane filter), then 

air drying under a fume hood.  Finally, isotherms were measured in systems 

containing known amounts of DS and NOM at ratios of 0.1, 0.2, 0.3, 0.5, and 0.75 g 
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NOM / g DS.  Both sodium azide and HgCl2 at 25 mg/L were used in all experiments, 

except in the weathering of DS, to prevent biodegradation. 

POM and PDMS Preparation and Extraction.  Poly(dimethylsiloxane) and POM 

strips were cut from a sheet of PDMS or POM.  Poly(dimethylsiloxane) strips were 

pre-cleaned and extracted using the methods described in White et al. (25) except 

the solvent was exchanged from acetone to dichloromethane.  Polyoxymethylene 

was pre-extracted using the method of Jonker and Koelmans (24) and extracted 

using the method of Cornelissen and Gustafsson (23). 

KPOM and KPDMS Determination.  Polyoxymethylene-water partition coefficients 

were measured (KPOM) by spiking a mixture of 30 PAHs in hexane into 220-mL 

deionized water in 250-mL amber jars.  Jars were shaken and opened to allow 

hexane evaporation. No significant loss of PAHs was observed.  Three cleaned 

POM strips (0.5 g) were then added to each jar.  The jar was shaken at 150 rpm for 

14 days.  Three POM strips were removed on days 3, 5, 7, 10, and 14 and 

extracted.  On day 14, the water was also extracted.  Poly(dimethylsiloxane)-water 

partition coefficients (KPDMS) were previously measured (25).  Sorption isotherms 

over a range of PY-d10 concentrations in water were determined for PDMS and 

POM using methods similar to those used for measuring the sorption isotherms for 

DS except water, POM, and PDMS were extracted for each jar.    

Water Extraction. Water samples were extracted by liquid-liquid extraction (3x) with 

dichloromethane (DCM) (60-mL DCM to 0.5-L water) in a separatory funnel.  
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Dichloromethane was eluted and dried with anhydrous sodium sulfate.  The extract 

was then concentrated using a rotovap and a gentle stream of nitrogen, filtered 

(Whatman Uniprep filter vial, 0.45 µm, poly(tetrafluoroethylene), and further 

concentrated to 1 mL.     

Diesel Soot Extractions.  Diesel soot (0.05 g) was Soxhlet extracted with 250-mL 

1:6 toluene:methanol at 70oC using the method published by Jonker et al. (26) 

except that Al2O3 column clean up was not performed (27).  Comparison of extracted 

DS with and without silica column clean up showed no significant difference in PAH 

concentrations. 

DOC, TOC, and BC.  Dissolved organic carbon (DOC) was measured for isotherm 

jars of exposed DS and in control jars.  Isotherm water (15 mL) was filtered 

(Whatman syringe filter, glass microfiber, 0.45 µm) and DOC analyzed using a 

Shimadzu TOC-5050.  Total organic carbon (TOC) and BC (total carbon after 

combustion at 375oC) were measured for DS and exposed DS samples using a 

C/H/N elemental analyzer and the method of Accardi-Dey et al. (28).  Samples were 

not acidified as carbonates were not expected to be present in the samples.   

Specific Surface Area.  Specific surface area (SSA) was determined by N2 

adsorption at -196oC using an Autosorb-1 gas sorption system (Quantachrome 

Corporation, Boynton Beach, FL) and the Brunauer-Emmett-Teller (BET) method.  

Micropore volume and pore size distribution was computed using the DFT Kernel file 

N2_carb1.gai (PC software version 1.50, Quantachrome Corporation).  Samples 

were dried (60oC for 1 hour) and degassed at 100oC.   
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Microscopic Analysis.  Microscopic analyses of samples were obtained using a 

Philips 505Tscanning electron microscope or JEOL JSM 5900LV scanning electron 

microscope at ambient temperatures of 25oC and an accelerating voltage of 10-15 

kV.  Samples were dried (60oC for 1hour), placed on adhesive tabs, and freeze dried 

prior to analysis.  Samples were sputtered coated with gold/palladium using an 

Anatech Hummer 6.2 to a thickness of 45 - 55 nm under an argon atmosphere.    

Sample Processing.  All glassware, aluminum foil, and sodium sulfate was heated  

(300oC) for 24 hrs prior to use or rinsed 3x with acetone, DCM, and hexane.  Some 

isotherm jars and glassware for DOC measurements were also acid washed 

(soaked in 0.1 M HCl for 12 hours and rinsed in low carbon water) to make sure that 

all organic carbon was removed.  Comparison of isotherms using different water 

sources (deionized water versus low carbon water with <3 µg/L DOC) and with acid 

washed jars versus jars that were not acid washed showed no difference.  These 

were measured for POM, PDMS, DS, and NOM.  If samples were stored prior to 

extraction, PDMS or POM was stored at -20oC in a 2-mL vial and water at -4oC.  

Instrument Analysis and Quality Control.  Extracts were analyzed using an 

Agilent 6890 gas chromatograph equipped with electronic pressure control and an 

Agilent 5973 mass selective detector (MS-electron ionization) in selected ion 

monitoring mode.  The column was a Restek 30 m x 0.25 mm ID with 0.25 µm film 

thickness with a 5-m guard column (Rtx 5MS with Integra guard).   The initial 

temperature was 40oC ramped at 25oC/minute to 100oC, then at 5oC/minute to 

300oC, and held for 15 minutes. This method is similar to that described by others 
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(29-33).  Quantitation of 45 PAHs was based on four or five point calibration curves 

with relative standard deviations of less than 25% and benzo[a]pyrene-d12 and 

phenanthrene-d10 recovery internal standards. 

Procedural blanks were completed for all extractions.  No significant 

contamination of PAHs was present.  Surrogate internal standards (SIS) 

(naphthalene-d8, acenaphthene-d10, and chrysene-d12) were spiked into all 

samples, prior to extraction, to monitor recoveries in samples.  Average SIS 

recoveries in PDMS, POM, and water were 95%, 98%, and 82%, respectively.   

Models.  

Freundlich Model.  The Freundlich model has consistently been shown to describe 

sorption of organics to many BC materials (3,23,28,34).     

q = KF Ce
nF       (1) 

The mass adsorbed solute per amount sorbent (q) is measured over a range of 

equilibrium concentrations of the solute in water (Ce) at a constant temperature.  The 

Freundlich distribution coefficient (KF) and the Freundlich exponent (nF) are the 

fitting parameters.  This model assumes that the energy of adsorption distribution for 

different sorption sites is exponential in nature and accounts for the expected 

variability in adsorption energies among sorption sites (35).       

Carmo et al. (36) showed that the units of KF vary nonlinearly with nF (36).  

This results in inaccurate comparisons of KF values for different sorbents and 

inaccurate predictions of q when units different from that used in the isotherm 
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measurements are used for Ce (36).  They proposed using a solubility-normalized 

Freundlich isotherm based on a relative concentration:   

q = K*F (Ce / SW)nF        (2) 

where K*F is the unit-normalized sorption coefficient and represents the mass 

adsorbed when saturation is approached and SW is the aqueous solubility (36).  This 

equation converges isotherms for various compounds to the same material to a 

single isotherm due to sorption components being inversely proportional to SW 

according to Raoult’s Law (21).   

Polyani-Dubinin-Manes Model.  Many researchers agree that models derived from 

the Polanyi adsorption potential for gas phase adsorption are the most powerful for 

modeling adsorption to sorbents with heterogeneous surfaces and a pore filling 

mechanism (37).  The Polanyi-Dubinin-Manes adsorption potential is the work or 

free energy required for a molecule to move from bulk solution to the adsorption 

space: 

εSW = R T ln (SW / Ce)     (3) 

where εSW is the adsorption potential in an aqueous system, R is the ideal gas 

constant, and T is absolute temperature.  The Polyani-Dubinin-Manes model (PDM) 

normalizes εSW to solute properties to obtain a common curve for various sorbents 

onto a particular sorbent.  Xia and Ball (13) used the molar volume of the sorbent for 
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normalization and obtained a common isotherm for liquid chemicals’ sorption to an 

aquitard material.  Using this method, the following correlation curve is obtained: 

 log (q’) = log (Q’O) + a’ (εSW / Vm)b’    (4) 

where q’ is the adsorbed volume per unit mass of sorbent (cm3/kg) (often based on 

the compounds density), Q’O is the adsorption capacity at saturation (cm3/kg), and a’ 

and b’ are fitting parameters.  A correlation curve is created by plotting q’ against the 

adsorption potential density (adsorption potential divided by the sorbent molar 

volume (Vm)). 

Combined Models.  The majority of combined models assume that sorption is 

additive or a sum of the nonlinear and linear sorption curves:   

q = qL + qNL       (5) 

where qL is the sorbed concentration due to linear sorption and qNL is the sorbed 

concentration due to nonlinear sorption.  The linear model has been combined with 

the Freundlich (28,38), Langmuir (13), and PDM models (13) with variations in 

whether the fraction OC (fOC) and fraction BC (fBC) are considered and which 

parameters are fit to the curve.  The combined Freundlich equation was used by 

Accardi-Dey and Gschwend (28,34) to describe sorption of PAHs in sediments: 

 q = fOC KOC Ce + fBC KF,BC Ce
nF    (6) 

where KOC is the organic-carbon water partition coefficient and KF, BC is the 

Freundlich distribution coefficient for BC.  As described above, units of KF, BC are not 

linearly related to the nF and so predictions of q change when different units of Ce 
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are used.  Therefore, a combined unit-normalized Freundlich model was used to 

predict sorption in systems containing more than one sorbent. 

   q = fOC KOC Ce + fBC K*F, BC (Ce / SW) nF   (7) 

When compounds exist in the solid state or crystalline state under ambient 

temperatures, adsorption capacities tend to be lower than for liquid chemicals (13) 

due to a decreased packing efficiency.  Normalization of Ce to the subcooled liquid 

solubility for solids, rather than SW, would move the isotherm closer to that of liquids.  

However, we chose to use SW in both the normalized Freundlich and the PDM as 

suggested by Manes  (37) and used by other researchers (13,38). 

 A combined PDM model may also be used to model sorption in 

heterogeneous sorbents.  The equation used by Xia and ball (13) was modified to 

include both the fBC and fOC. 

 q = fBC Q’o x 10a’ (εSW / Vm)b’ x ρ + fOC KOC Ce  (8) 

In this study, the normalized Freundlich model was applied to DS material 

and HAs and the linear model (q = KOC Ce) to NOM.  In combined systems, the 

combined normalized Freundlich and the combined PDM model were used.  The 

normalized Freundlich model was chosen due to its wide use in describing sorption 

to BC materials.  The PDM model was used as 1) it allows for predictions for other 

chemicals and temperatures; 2) is a more robust tool for comparing adsorbed 

volume and adsorption potential; and 3) it can be used to compare results to 

research on other BC materials where the PDM model was applied. 

Results and Discussion. 
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Sorption to POM and PDMS.  Sorption for POM was measured because it came 

from a different manufacturer than POM previously characterized.  Measured POM 

and PDMS values used in all calculations can be found in the supporting information 

(Table S1).  Measured values of KPOM were consistently lower than those published 

by others (23,24).   They increased with log KOW until a log KOW of 6.0 was reached, 

similar to trends reported by Jonker et al. (24) and in PDMS (25).   

Values of KPOM and KPDMS were measured for PY-d10 over a range of 

concentrations in water of 0.81 – 80.17 µg/L (Figure 1).  Jonker and Koelmans (24) 

observed nonlinear sorption of PAHs to POM at concentrations above 1 µg/L.  In 

contrast, isotherms for PY-d10 to POM and PDMS were linear over a wide 

concentration range.  This is consistent with the linear sorption observed by 

Cornelissen and Gustafsson (23) of phenanthrene to POM.  Values of KPOM were 

slightly more variable than KPDMS (Figure 1).  Therefore, POM was only used to 

characterize sorption for one isotherm to DS.  All other isotherms were measured 

using PDMS to obtain the dissolved concentration.   

Sorption to Diesel Soot.  Sorption of PY-d10 to EPA DS (referred to as EPA DS to 

differentiate between DS materials used by other researchers) was described well 

by the normalized Freundlich model indicating the presence of heterogeneous 

sorption sites.  All isotherms fit with the normalized Freundlich model can be found in 

supporting information.  The measured K*F (19.49 mg/g) was similar to that 

measured for NIST DS (SRM 2975) for phenanthrene (21.30 mg/g) (Table 1).  

However, the isotherm was more linear (nF = 0.76 compared to nF = 0.43).  This is 
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most likely caused by the higher concentration of native PAHs in EPA DS versus 

NIST DS, 0.58% versus 0.09% (Table 2) (27).  The value of K*F/SSA for EPA DS 

(0.31 mg/m2) was higher than that measured for phenanthrene for NIST DS (0.17 

mg/m2) but overall is similar to what has been measured by others for BC materials.  

The higher value may be due to the presence of the extractable organic phase which 

would contribute to overall sorption but have a lower SSA.  An analysis of sorption 

into an extractable organic phase is available in supporting information. 

 Measured soot-water distribution coefficients (Ksoot) of PAHs native to DS 

were slightly lower than Ksoot values measured by Jonker and Koelmans (39) (Table 

4).  Again this likely reflects reduced sorption due to the high concentrations of 

native PAHs in EPA DS.  Nguyen et al. (38) observed that Ksoot values decreased 

from 13 days to 60 days.  There was no significant difference in sorption measured 

on days 30 and 60. 

Sorption to NOM and HA.   Sorption to Suwannee River NOM was linear with a log 

KOC of 4.16 ± 0.15 L/kg (n=6).  Sorption to Leonardite HA was nonlinear, similar to 

sorption to EPA DS (Table 1).  Nonlinear sorption into HA materials has been well 

documented (40-43) and is due to hole-filling in condensed glassy regions (44).  This 

indicates that HA materials may also contribute to nonlinear sorption and the high Kd 

values observed in the natural environment.  Simple linear partitioning cannot be 

assumed when modeling sorption in HA materials.   

Sorption to NOM Exposed DS.  Sorption to NOM exposed DS was linear with a Kd 

value of 180.51 ± 66.20 L/g; this result is similar to the Kd of EPA DS at a Ce/SW of 
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0.4 (192 L/g).  The strongest sorption sites on EPA DS were saturated, but sorption 

to DS was still occurring (Table 3).  Diesel soot exposed to NOM had a lower SSA 

(by 13 m2/g) also indicating the presence of NOM on the surface of DS (Table 2).  

Microporosity of NOM exposed DS was not measurable but the mesoporosity had 

little change.  This suggests that NOM blocked access to micropores and that the 

strongest sorption sites of DS were located in micropores.  

Soot-water distribution coefficients were measured for NOM exposed DS 

(Table 4).  Values of Ksoot were almost identical to that measured for unaltered DS.  

This is reflected in their linear relationship with log KOW for DS (log Ksoot = 1.126 log 

KOW + 0.1165, R2 = 0.8177) and NOM exposed DS (log Ksoot = 1.229 log KOW + 

0.2038, R2 = 0.8451).   

Sorption to HA Exposed DS.  Diesel soot was exposed to Leonardite HAs at three 

ratios to model sorption in systems with linear and nonlinear sorption.  However, the 

isotherm for HA was almost identical to that of EPA DS.  Sorption was therefore 

modeled by assuming that the ratio of HA to DS was the same as the initial 

exposure and adding the unit normalized Freundlich models multiplied by the 

fraction HA or the fBC.  Models predicted the sorbed concentration on average within 

1.18 of observed values.  Sorption in systems with 2% DS was slightly over 

predicted and, for 50% DS, sorption was under predicted.  The average predicted 

over observed value for systems with 2%, 20%, and 50% DS:DS+HA were 1.39, 

1.23, and 0.94, respectively.   
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Measured Freundlich parameters are highly dependent on the Ce/SW range of 

the measured isotherm and whether the nonlinear portion of the isotherm is 

approached.  For example, K*F values for HA exposed DS systems ranged from 14 

– 53 mg/g when values similar to the pure substances are expected.  These values 

bracket the K*F values measured for pure DS and HA.  The isotherm for the system 

with 50% DS, had a high K*F value (53 mg/g), spanned a wider range of Ce/SW, and 

the highest MWSE.  This trend was also seen for the binary systems containing both 

NOM and DS.  As the fraction of DS increased isotherms became more linear, 

capacities increased, and the MWSE also increased.  The high capacities of the 

systems may have resulted in the nonlinear portion of the isotherm not being 

approached and an over prediction of nF and K*F. 

Distribution coefficients were higher in systems containing the most EPA DS.  

For examples, Kd values ranged from 921 – 485, 644 – 261, and 952 – 150, for fBCs 

of 50%, 20%, and 2%, respectively.  Measured SSAs increased with the amount of 

DS in the system as expected (Table 2). 

Sorption to Weathered DS.  In order to evaluate the effects of weathering on 

sorption to DS, DS was exposed to water from Lake Raleigh over a 6 month period.  

Diesel soot was exposed to approximately 24-L of water with an average DOC of 

2880 mg/L and sum of PAHs of 3.74 µg/L, resulting in a total exposure to 69 g DOC, 

89 µg PAHs, and microorganisms.  The isotherm was nonlinear and had a lower 

capacity (K*F decreased by 13.79 mg/g) than unaltered DS.  Dissolved organic 

carbon most likely occupied many of the sorption sites available on DS.  However, 
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some of the strongest sorption sites were still available.  For example, the Kd value 

for DS at a Ce/SW of 0.001 was 755 L/g and the isotherm was more nonlinear than 

that for EPA DS.   It is possible that microorganisms degraded some of the material 

originally bound to DS, freeing some of the strong sorption sites present on DS.  

Measured SSA was similar to DS exposed to NOM with no measurable 

microporosity (Table 2).  This also suggests the presence of NOM, contaminants, or 

biofilms on the surface of DS.   

 The isotherm of weathered DS indicates that saturation of BC materials in the 

natural environment is not likely to occur, despite their strong desorption activation 

energies (45).  Microorganism may renew many of the sorption sites in mesopores 

(46) available on BC materials.  However, a decreased capacity in the natural 

environment is expected as many of the sorption sites will be occupied by 

contaminants or linear organic carbon.  This is supported by work in water treatment 

systems using activated carbon, where an initial decrease in capacity of 50 - 80% is 

observed (47,48).  This decreased capacity is maintained, even with continuous 

exposure, in the presence of microorganisms (47,48).  In fact, sorbents with 

enhanced sorptive properties have been shown to increase biodegradation by aiding 

in the bioavailability of nutrients (49) and some microorganisms have shown the 

ability to desorb and degrade bound contaminants (50).  This is in direct conflict with 

the premise that it is only the truly dissolved concentration available for degradation 

and research indicating that degradation only occurs for the rapidly desorbing 
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fraction (51-53).  This would indicate less biodegradation in the presence of BC 

materials.   

This research demonstrated that exposure of DS to DOC in water would not 

result in saturation of the DS over a 6 month period.  The presence of 

microorganisms was not measured and the role microorganisms played is not 

known.  Clearly, more research is needed to understand the affects of BC materials 

on degradation in the natural environment.  It is possible environmental BC could act 

in a similar way to activated carbon in water treatment systems, enhancing the 

removal or contaminants in the environment.  It should also be noted that saturation 

is expected if the concentration of contaminants is toxic to microorganism or 

sorbates that are not able to be utilized by microorganisms are present. 

PDM versus Freundlich.  The PDM model in general reveals the same trends as 

the normalized Freundlich model.  Mean weighted square errors are approximately 

the same and error was not significantly reduced by adding a third fitting parameter.  

Values of the exponent b’ range from 1.17 – 2.05.  A value of one would make the 

PDM model equivalent to the Freundlich model.  The maximum adsorbed volume is 

an underestimated value for all isotherms as they did not reach saturation.  

However, values of Qo normalized to the SSA are similar to values published for 

other DS materials (Table 5). 

Modeling Sorption in Binary Systems.  The overall purpose of this research was 

to gain a better understanding of sorption in binary systems containing both linear 

OC and BC.  The ability of a combined Freundlich model and a combined PDM 
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model to describe sorption in binary systems containing various amounts of DS and 

NOM was evaluated.  These isotherms differed from NOM exposed DS in that NOM 

and PY-d10 were introduced into the system at approximately the same time.   

 The combined Freundlich model predicted sorption in binary systems on 

average within 92% of measured values (Figure 2).  Predictions were also good with 

the combined PDM model (on average 74% of measured values).  Overall 

predictions improved with increasing fBC, with the best predictions occurring for 

systems with an average fBC of 33 (average predicted/observed concentration 

sorbed was 1.05).  This indicates that when the fBC is 16% of TOC and above this 

model would successfully predict sorption in binary systems and would be a good 

tool for the prospective risk assessment process.  However, when the fBC is lower 

under predictions of sorption will begin to occur but should be within a factor of one. 

If NOM competed for sorption sites on BC, additive models should over 

predict sorption of PY-d10 in systems containing both NOM and DS, with an 

increase in this over prediction as the fBC decreased.  However, overall sorption was 

under predicted, with greater under predictions in systems with lower fBCs (Figure 3).  

Sorption of PY-d10 is most likely stronger and a better competitor for sorption sites 

on DS than NOM, resulting in less competition between NOM and PY-d10 when DS 

is exposed to both simultaneously.  Additionally, PY-d10 may preferentially sorb to 

the DS instead of NOM due to an enhanced affinity, resulting in under predicted 

sorption.  In contrast to NOM exposed DS, sorption in binary systems overall was 
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nonlinear.  Again, this difference may be due to the simultaneous introduction of 

both PY-d10 and NOM, with PY-d10 sorption dominated by DS. 

Distribution coefficients for fBCs of 43% range from 553 – 131 and are similar 

to, but slightly lower than Kds for DS.  As fBC decreased, Kds decreased and 

saturation of DS began to occur with Kds falling to 42 L/g.  The isotherm for an fBC of 

33% appears to be an outlier as the isotherm was almost linear and predicted Kds 

ranged from 189 -140 L/g.  The data point measured at the highest Ce/SW ratio was 

uncharacteristically high and moved the isotherm toward linearity while the next 

lowest data point indicated that sorption was nonlinear (Figure 3).  This discrepancy 

is reflected in the high MWSE measured for this isotherm.  Capacities for isotherms 

with fBCs below 33% were markedly decreased from that of DS while capacities of 

the systems with fBCs of 33 -43% were similar to that measured for DS.  Linearity is 

expected to decrease as fBC increases.  However, linearity increased with increasing 

fBC.  Due to the high capacities in systems with high fBCs the nonlinear portion of the 

isotherms may not have been approached, resulting in over predicted capacities and 

nF values.  

 Adsorption to DS materials was greater than 60% of the total amount sorbed 

in all binary systems and greater than 80% at low Ce, even when the fBC was only 

9% (Figure 4).  This illustrates the importance of considering the presence of BC in 

the risk assessment process.  If BC is not considered sorption could be under 

predicted by greater than 90%.    
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Implications.  This research demonstrated that linear OC and microorganisms may 

alter sorption from that predicted by laboratory models and that the prediction of 

bioavailability in the natural environment is complex.  For example, linear OC may 

compete for sorption sites on BC materials when introduced prior to the contaminant 

but not when introduced simultaneously, resulting in a substantially lower capacity of 

environmental BC.  Another complication occurs with the observation that 

contaminants may preferentially sorb onto BC materials over linear OC due to an 

enhanced affinity, resulting in the under prediction of sorption based on additive 

models at low fBCs.  Despite the high desorption activation energies on BC materials, 

saturation did not occur in weathered DS.  Saturation may have been prevented by 

the regeneration of sorption sites by microorganisms.   

Due to uncertainty of sorption in the natural environment and the number of 

parameters that would need to be measured to predict sorption accurately (fBC, fOC, 

and Ce), the best method to predict bioavailability for retrospective risk assessment 

is to measure the truly dissolved concentration in soils and sediments.  However, 

additive models predicted sorption in this research very well and have improved 

predictions of sorption (28,34) and bioavailability (54) (55) when compared to using 

the equilibrium partitioning model.  These models are the best tools available to 

predict sorption in prospective risk assessments.   
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Supporting Information Available.  All isotherms and model fits, as well as, KPOM, 

and KPDMS values are available in supporting information.  A discussion of sorption to 

DS and an extractable organic phase is also included. 
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Figure 1.  Isotherms of pyrene-d10 for POM ( ) and PDMS ( ).   
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Figure 2.  Isotherms of pyrene-d10 and fitting of the Combined Freundlich model and 
Combined Polyani-Dubinin-Manes model to systems containing both diesel soot and 
natural organic matter.  Data shown by  and solid line, Combined Freundlich 
model predictions shown by  and dotted line, and the Combined Polyani-Dubinin-
Manes predictions shown by  and dashed- dotted line.   
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Figure 3.  Comparison of the combined model predictions of sorbed concentrations / 
observed sorbed concentrations for pyrene-d10 by the fraction diesel soot.  
Combined Freundlich model predictions shown by  and solid line, and the 
Combined Polyani-Dubinin-Manes predictions shown by  and dashed- dotted line. 
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Figure 4.  Fraction sorption of pyrene-d10 due to sorption to diesel soot in systems 
with diesel soot and natural organic matter, based on model predictions.  The 
fraction of diesel soot to total organic carbon is shown for:  9 (  and solid line), 16 
(  and dash-dot line), 22 (  and long dashed line), 33 (  and dash dot dot line), 
and 43 (X and dotted line). 
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Table 1.  Summary of unit normalized Freundlich values for pyrene-d10.

Sorbent (na)
K*F/SSA 
(mg/m2) Ce/SW Range MWSEi

EPA DS (25) 19.49 ± 0.85 0.73 ± 0.03 0.31 0.0005 - 0.4771 0.0004
NIST DS 2975b 21.30 ± 0.49 0.43 ± 0.02 0.17   0.001 - 0.6000 0.0700
NIST DS 1650c 9.23 0.0231 - 0.0846
EPA DS with Fresh oild 19.36 ± 0.85 0.73 ± 0.03 0.31 0.0005 - 0.4771
EPA DS with Weathered Oile 15.92 ± 0.80 0.69 ± 0.03 0.26 0.0005 - 0.4771
EPA DS with Total Extractablesf 8.93 ± 0.65 0.58 ± 0.04 0.14 0.0005 - 0.4771
Leonardite HA (6) 22.77 ± 0.42 0.74 ± 0.01 0.0001 - 0.2464 4.11E-05
Leonardite HAg

HA exposed to DS: 2% (10)j 14.67 ± 0.11 0.71 ± 0.05 2.05 0.0003 - 0.0657 0.0109
HA exposed to DS: 20% (9)j 19.83 ± 1.43 0.75 ± 0.07 1.65 0.0003 - 0.0504 0.0031
HA exposed to DS: 50% (10)j 53.85 ± 0.09 0.90 ± 0.04 2.09 0.0003 - 0.4000 0.0390
weathered DS (14) 5.78 ± 0.09 0.59 ± 0.04 0.12 0.0004 - 0.8164 0.0082
NOM exposed DS (20) 24.87 ± 5.80 0.98 ± 0.09 0.51 0.0023 - 0.1233 0.0022
NOM with 10% DS (4) 4.4 ± 0.18 0.76 ± 0.03 0.0052 - 0.3430 0.0002
NOM with 15% DS (5) 4.79 ± 0.50 0.65 ± 0.07 0.0007 - 0.3085 0.0012
NOM with 22% DS (5) 6.19 ± 0.17 0.72 ± 0.02 0.0005 - 0.3204 0.0001
NOM with 33% DS (5) 17.38 ± 0.12 0.95 ± 0.01 0.0004 - 0.4038 0.0326
NOM with 43% DS (5) 17.25 ± 1.28 0.91 ± 0.05 0.0004 - 0.3509 0.0149

Rohr, K. Environ Sci Technol  2002, 36, 929-936. h Mean ± standard deviation.   i MWSE = mean weighted square error  = 1/n Σ [(qmeasd - 
qmodel)2]/q2measd, where v is the number of degrees freedom; n=number of observations - number of fitted parameters. j The percent 
DS:DS+HA in exposure.

K*F (mg/g)h

442.94

nF

0.67

to fresh oil, e weathered oil, or f estimated total extractables. g Data for phenanthrene, from Mao, J. D.; Hundal, L. S.; Thompson, M. L.; Schmidt-

14.9 0.75

a Number of observations.  b Data for phenanthrene, from Nguyen, T. H.; Sabbah, I.; Ball, W. P. Environ Sci Technol  2004, 38, 3595-3603. c Data 
for pyrene, from Bucheli, T. D.; Gustafsson, O. Environ Sci Technol  2000, 34, 5144-5151. d Isotherm estimated after subtracting PY-d10 bound 
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Table 2.  Summary of the measured properties of sorbents

Sorbent
BET SSA 

(m2/g)

Micropore 
Volume 
(cm3/g)

Mesopore 
Volume 
(cm3/g)

BJH Mesopore 
Volume (cm3/g)

Concentration 
of PAHs       

(µg/g dry wt)d
g PAH / 

g DS
EPA DS 62.28 5.38E-03 0.0550 0.1695 5804.48 0.58%
NIST DS (SRM 2975) 127a 894.98 0.09%
NIST DS (SRM 1650) 48b

NOM exposed DS 48.94 0 0.0482 0.2703
HA exposed to DS: 2%c 7.15 2.08E-06 0.0080 0.0346
HA exposed to DS: 20%c 11.83 0 0.0136 0.0593
HA exposed to DS: 50%c 25.75 6.03E-04 0.0246 0.1086
weathered DS 49.09 0 0.0472 0.2544

a Data from Nguyen, T. H.; Sabbah, I.; Ball, W. P. Environ Sci Technol  2004, 38, 3595-3603. b Data from Bucheli, T. D.; 
Gustafsson, O. Environ Sci Technol  2000, 34, 5144-5151. c The percent DS:DS+HA in exposure.  d Data from Chapter 4.  
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Ce/Sw = 0.001 0.01 0.1 0.4
968 520 279 192
14 14 14 14

220 210 200 195
1055 580 319 222
837 429 220 147
844 474 267 189
826 657 521 454
755 294 114 65
178 102 59 42
413 185 82 51
329 173 91 62
189 168 150 140
553 318 183 131

8403 2262 609 276
209 209 209 209

5888 5888 5888 5888

2004, 38, 3595-3603.  b Based on Koil values for fluoranthene, from Jonker, M. T. O.; Sinke, A. J.
C.; Brils, J. M.; Koelmans, A. A. Environ Sci Technol  2003, 37, 5197-5203. c The percent 
DS:DS+HA in exposure.

weathered oilb

Sorbent

Table 3.  Summary of predicted Kd values based on the unit normalized 
Freundlich model for pyrene-d10 at high and low equilibrium concentrations 
in water.

a Based on data for phenanthrene, from Nguyen, T. H.; Sabbah, I.; Ball, W. P. Environ Sci Technol

NOM + 33% Diesel Soot
NOM + 43% Diesel Soot
NIST DSa

fresh oilb

weathered DS
NOM + 10% Diesel Soot
NOM + 15% Diesel Soot
NOM + 22% Diesel Soot

Kd (L/g)

EPA DS 
Suwannee River NOM
NOM exposed DS 
leonardite HA
HA exposed to DS: 2%c

HA exposed to DS: 20%c

HA exposed to DS: 50%c
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Analyte

NIST DS 
(SRM1650)

Traffic 
Soot

Oil 
Soot

naphthalene 4.20 ± 0.22 4.09 ± 0.35 63.59 - 172.43
2-methylnaphthalene 5.05 ± 0.31 5.10 ± 0.32 13.6 - 186.62
1-methylnaphthalene 4.90 ± 0.36 5.09 ± 0.39 10.07 - 201.22
biphenyl 5.15 ± 0.34 5.17 ± 0.37 5.9 - 85.56
2,6-dimethylnaphthalene 5.25 ± 0.33 5.30 ± 0.38 15.51 - 200.82
acenaphthene 3.64 ± 0.41 0.79 - 4.52
dibenzofuran 4.93 ± 0.27 5.06 ± 0.30 13.43 - 157.03
2,3,5-trimethylnaphthalene 5.08 ± 0.22 5.33 ± 0.30 18.09 - 166.94
C1 - naphthalenes 4.41 ± 0.22 4.98 ± 0.33 31.02 - 441.68
C2 - naphthalenes 4.70 ± 0.26 5.11 ± 0.37 89.36 - 1249.32
C3 - naphthalenes 5.00 ± 0.20 5.22 ± 0.29 138.1 - 1186.47
C4 - naphthalenes 5.22 ± 0.12 5.42 ± 0.23 78.09 - 444.76
fluorene 5.07 ± 0.21 4.64 ± 0.22 5.74 - 43.69
1-methylfluorene 5.54 ± 0.22 5.26 ± 0.22 1.64 - 10.22
C1 - fluorenes 5.32 ± 0.21 5.43 ± 0.18 5.35 - 39.93
C2 - fluorenes 5.94 ± 0.29 6.19 ± 0.21 17.16 - 157.1
C3 - fluorenes 6.39 ± 0.24 6.43 ± 0.15 47.87 - 244.56
dibenzothiophene 5.02 ± 0.16 5.30 ± 0.22 50.74 - 336.58
C1 - dibenzothiophene 5.32 ± 0.10 5.53 ± 0.14 120.6 - 463.04
C2 - dibenzothiophene 6.02 ± 0.14 5.93 ± 0.16 65.2 - 204.43
C3 - dibenzothiophene 6.35 ± 0.19 6.56 ± 0.18 26.59 - 98.05
phenanthrene 4.90 ± 0.12 5.28 ± 0.16 5.68 6.24 5.24 812.9 - 3881.95
anthracene 6.08 ± 0.20 5.96 ± 0.16 6.28 6.94 5.58 3.91 - 15.03
Table 4 continued on next page.

EPA DS

Jonkerc

Table 4.  Summary of Ksoot values measured for PAHs native to diesel soot.
Ced (ng/L)

NOM        
Exposed DSb

Measureda
Log Ksoot (L/kg)

nd
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Table 4.  (Continued)

Analyte

NIST DS 
(SRM 1650)

Traffic 
Soot

Oil 
Soot

1-methylphenanthrene 5.42 ± 0.06 5.56 ± 0.10 121 - 352.77
C1 - phenanthrenes/ anthracenes 5.46 ± 0.06 5.73 ± 0.23 700.5 - 2082.94
C2 - phenanthrenes/ anthracenes 5.96 ± 0.07 6.11 ± 0.12 309.4 - 757.25
C3 - phenanthrenes/ anthracenes 6.36 ± 0.11 6.54 ± 0.16 63.56 - 148.38
C4 - phenanthrenes/ anthracenes 6.89 ± 0.13 7.68 ± 0.13 3.11 - 10.49
fluoranthene 5.81 ± 0.05 5.82 ± 0.06 6.49 6.96 6.17 531.2 - 991.78
pyrene 5.85 ± 0.09 5.90 ± 0.05 6.35 6.79 5.95 566 - 854.15
C1 - fluoranthenes/ pyrenes 6.52 ± 0.06 6.54 ± 0.09 33.12 - 53
benz[a]anthracene 7.05 ± 0.08 7.22 ± 0.12 7.8 8.26 7.4 5.05 - 9.29
chrysene 6.88 ± 0.11 7.08 ± 0.09 7.59 8.18 7.22 11.92 - 25.57
C1 - chrysenes 7.48 ± 0.08 7.83 ± 0.14 0.66 - 1.23
benzo[b]fluoranthene 7.54 ± 0.08 7.97 ± 0.13 8.52 8.54 8.09 1.73 - 3.28
benzo[k]fluoranthene 7.83 ± 0.09 8.04 ± 0.14 8.34 8.66 8.27 0.76 - 1.45
benzo[e]pyrene 8.39 ± 0.13
benzo[a]pyrene 7.85 ± 0.13 8.53 8.87 8.17 0.05 - 0.14
indeno[1,2,3-cd]pyrene 7.98 ± 0.10 8.80 ± 0.16 0.13 - 0.25
benzo[g,h,i]perylene 8.33 ± 0.12 8.92 ± 0.14 8.89 8.31 0.1 - 0.24
coronene 8.19 ± 0.07 0.03 - 0.04

1% aqueous solubility of the compounds.  nd = not detected.
O.;  Koelmans, A. A. Environ Sci Technol  2002, 36, 3725-3734.  d Range of Ce for EPA DS only, the majority of Ksoot were measured at less than 

nd

nd

a Value of Ksoot ± standard deviation.  b Data for diesel soot previously exposed to Suwanee River natural organic matter.  c Data from Jonker, M. T. 

Log Ksoot (L/kg) Ced (ng/L)

Measureda Jonkerc

EPA DS
NOM        

Exposed DSb

nd

Table 4.  Summary of Ksoot values measured for PAHs native to diesel soot.
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Table 5.  Summary of Polyani-Dubinin-Manes model parameters for pyrene-d10.

Sorbent (nab)
Qo/SSA 
(mg/m2) MWSE

EPA DS (25) 9.26 ± 1.16 11.77 ± 1.47 0.19 -0.0045 ± 0.0020 1.4174 ± 0.0978 0.0010
NIST DS 2975c 14.95 ± 0.71 19.00 ± 0.90 0.15 -0.0115 ± 0.0050 1.1800 ± 0.1000 0.0310
leonardite HA (6) 11.75 ± 1.26 14.94 ± 1.60 -0.0090 ± 0.0045 1.2463 ± 0.1035 0.00078
HA exposed to DS: 2% (10)d 2.49 ± 1.40 3.16 ± 1.78 0.44 -0.0004 ± 0.0006 1.8645 ± 0.3294 0.00511
HA exposed to DS: 20% (9)d 2.33 ± 1.75 2.96 ± 2.22 0.25 -0.0002 ± 0.0005 2.0533 ± 0.6051 0.00406
HA exposed to DS at 50% (10)d 3.38 ± 7.07 4.29 ± 8.99 0.17 -0.0003 ± 0.0027 1.9538 ± 1.8761 0.03775
weathered DS (14) 1.97 ± 0.15 2.51 ± 0.19 0.05 -0.0009 ± 0.0020 1.6721 ± 0.4145 0.0117
NOM exposed DS (20) 16.45 ± 3.61 20.91 ± 4.59 -0.0190 ± 0.0361 1.1706 ± 0.4021 0.00237
a Number of observations.  b Ce/SW range shown in Table 3. c Data for phenanthrene, from Nguyen, T. H.; Sabbah, I.; Ball, W. P. Environ Sci 
Technol  2004, 38, 3595-3603.  d The percent DS:DS+HA in exposure.

Q'o (cm3/kg) Qo (mg/g)      a'   b'
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Supporting Information. 
 
1.  Discussion of sorption to DS with sorption into an extractable organic phase 

considered.   
 
Table S1.  Summary of measured and published log KPOM and log KPDMS values. 
 
Table S2.  Physicochemical properties of pyrenea and used in calculations for 

pyrene-d10. 
 
Figure S1. Unit-normalized Freundlich model for pyrene-d10 applied to measured 

isotherms for EPA diesel soot, weathered diesel soot, and for EPA diesel 
soot with sorption to a linear phase considered.  The estimated amount 
sorbed into fresh oil (  and dashed line) and weathered oil (  and solid 
line) was subtracted from the amount sorbed to EPA DS using Koil values, 
the sum of PAHs as the mass of oil, and a mass balance.  The amount 
sorbed to an extractable organic phase was also considered. 

 
Figure S2. Isotherms of pyrene-d10 for Suwannee River natural organic matter and 

for diesel soot exposed to natural organic matter. 
 
Figure S3. Unit-normalized Freundlich model for pyrene-d10 applied to measured 

isotherms for Leonardite humic acids and diesel soot exposed to 
Leonardite humic acids at 2%, 20%, and 50% diesel soot: TOC. 

 
Figure S4. Polyani-Dubinin-Manes correlation curves for measured isotherms of 

pyrene-d10 for EPA diesel soot, diesel soot exposed to NOM, and 
weathered diesel soot. 

 
Figure S5. Polyani-Dubinin-Manes correlation curves of pyrene-d10 for measured 

isotherms of Leonardite humic acids and diesel soot exposed to 
Leonardite humic acids at 2%, 20%, and 50% diesel soot: TOC. 

 
Figure S6. Sorption of pyrene-d10 predicted for EPA diesel soot exposed to 

Leonardite humic acids at 2%, 20%, and 50% diesel soot: TOC.  
Measured values shown by  and solid line.  Predicted values (  and 
dashed line) were based on an additive model (q = fHA K*F, HA (Ce/SW) nF + 
fBC K*F, BC (Ce/SW) nF) with the assumption that the fractions of humic acid 
(fHA) and diesel soot were equivalent to the original exposure.   
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Supporting Information.   

1.  Discussion of sorption to diesel soot with sorption into an extractable 

organic phase considered.   

In order to account for absorption into the native PAHs or the total extractable 

organics present in EPA DS equation 6 and the following methods were used to 

estimate the amount of linear OC.  First, it was assumed that linear OC was the sum 

of PAHs.  Average Koil values published by Jonker et al. (56) for fluoranthene for 

fresh (Koil = 208.93 L/g) and weathered oil (Koil = 5888.44 L/g) were used to calculate 

the amount of PY-d10 absorbed into native PAHs.  The amount PY-d10 sorbed to 

EPA DS was then estimated using a mass balance.  If the PAH content in EPA DS is 

assumed to be similar to fresh oil there was little change in the isotherm (Table 1).  

However, when calculations were performed based on weathered oil the K*F 

decreased by 3 mg/g and nF decreased to 0.69.  The ratio of total ng in oil over total 

ng sorbed indicates that the presence of oil accounted for less than 0.59 % of 

sorbed PY-d10 for fresh oil and 6 – 16% for weathered oil (with the percentage 

increasing with increases in Ce).  The native PAHs present in EPA DS are 

dominated by alkylated and high MW PAHs, indicating that sorption would be similar 

to sorption for weathered oil.  However, Nguyen et al. (38) reported that PAHs only 

accounted for 0.4% of the extractable organic phase in NIST DS, indicating this 

method vastly underestimates the mass of the linear phase and other materials may 

alter sorption from that expected in oil mixtures.   
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 To account for this, sorption was modeled using methods similar to Nguyen et 

al.  (38).  The total extractable organic phase was estimated by assuming it 

contained 0.4% PAHs (e.g. was 99.6% larger than the sum of PAHs).  A KOC value 

for the extractable organic phase was estimated using Raoult’s law and Nguyen et 

al’s (38) method and resulted in a KOC of 7410 L/g.  This value exceeds all Kd values 

measured and was similar to that predicted for weathered oil.  These estimates 

resulted in a decreased K*F (by 10 mg/g) and an nF of 0.58.  The ratio of total ng in 

the extractable organic phase over total ng sorbed was very high, ranging from 20 – 

51%.  The K*F/SSA decreased from 0.31 to 0.14 and is similar to the K*F/SSA 

measured for NIST DS SRM 2975 (38).  However, the K*F is much lower than all 

other published values for DS materials.  This method likely overestimated sorption 

into the linear phase. 

Sorption of PAHs to lampblack containing high concentrations of PAHs was 

similar to sorption into a coal tar mixture (22).  The Kd of PY-d10 to EPA DS at high 

aqueous concentrations was approximately 192 L/g, similar to the Koil for fresh oil 

(Table 3).  It is possible that at high Ce, sorption is occurring into an oil mixture.  

However, it is apparent that initially sorption onto EPA DS is still occurring because 

of the nonlinear isotherm.  This data supports the premise described by Hong et al. 

(22) that with increasing PAH concentrations, sorption sites on DS will decrease due 

to saturation, and sorption will move toward sorption into other materials.   
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Figure S1.  Unit-normalized Freundlich model for pyrene-d10 applied to measured 
isotherms for EPA diesel soot, weathered diesel soot, and for EPA diesel soot with 
sorption to a linear phase considered.  The estimated amount sorbed into fresh oil 
(  and dashed line) and weathered oil (  and solid line) was subtracted from the 
amount sorbed to EPA DS using Koil values, the sum of PAHs as the mass of oil, 
and a mass balance.  The amount sorbed to an extractable organic phase was also 
considered. 
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Figure S2.  Isotherms of pyrene-d10 for Suwannee River natural organic matter and 
for diesel soot exposed to natural organic matter. 
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Figure S3. Unit-normalized Freundlich model for pyrene-d10 applied to measured 
isotherms for Leonardite humic acids and diesel soot exposed to Leonardite humic 
acids at 2%, 20%, and 50% diesel soot: TOC. 
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Figure S4. Polyani-Dubinin-Manes correlation curves for measured isotherms of pyrene-d10 for EPA diesel soot, diesel 
soot exposed to NOM, and weathered diesel soot. 
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Figure S5. Polyani-Dubinin-Manes correlation curves of pyrene-d10 for measured 
isotherms of Leonardite humic acids and diesel soot exposed to Leonardite humic 
acids at 2%, 20%, and 50% diesel soot: TOC. 
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Figure S6. Sorption of pyrene-d10 predicted for EPA diesel soot exposed to Leonardite humic acids at 2%, 20%, and 50% 
diesel soot: TOC.  Measured values shown by  and solid line.  Predicted values (  and dashed line) were based on an 
additive model (q = fHA K*F, HA (Ce/SW) nF + fBC K*F, BC (Ce/SW) nF) with the assumption that the fractions of humic acid (fHA) 
and diesel soot were equivalent to the original exposure.   
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Log KPDMS
h

Analyte Measureda Published Measureda

napthalene 1.97 ± 0.05 2.76
2-methyl naphthalene 2.26 ± 0.04 3.27
1-methyl naphthalene 2.14 ± 0.04 3.23
biphenyl 2.55 ± 0.04 3.35
2,6-dimethylnapthalene 2.65 ± 0.07 3.67
acenaphthylene 2.68 ± 0.11 3.06
acenaphthene 2.26 ± 0.08 3.36
dibenzofuran 2.68 ± 0.08 3.36
2,3,5-trimethylnapthalene 2.74 ± 0.14 3.98e

C1-naphthalenes 2.26b 3.19e

C2-napthalenes 2.65b 3.57e

C3-napthalenes 2.74b 3.98e

C4-napthalenes 2.74b 4.28e

fluorene-d10 2.57 ± 0.09
fluorene 2.61 ± 0.10 3.48
1-methyl fluorene 2.90 ± 0.14 4.03e

C1-fluorenes 2.90b 4.03e

C2-fluorenes 2.90b 4.20e

C3-fluorenes 2.90b 4.43e

dibenzothiophene 2.89 ± 0.07 3.58e

C1-dibenzothiophenes 2.89b 3.90e

C2-dibenzothiophenes 2.89b 4.43e

C3-dibenzothiophenes 2.89b 4.58e

phenanthrene 3.00 ± 0.15 3.29d, 3.41g 3.71
anthracene 3.29 ± 0.22 3.47d 3.75
1-methyl phenanthrene 3.26 ± 0.17 4.16e

C1-phenanthrenes/ 
anthracenes 3.26b 4.16e

Table S1 continued on next page.

Log KPOM (L/kg)
Table S1.  Summary of measured and published log KPOM  and log KPDMS.
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Table S1.  (Continued)

Log KPDMS
h

Analyte Measureda Published Measureda

C2-phenanthrenes/ 
anthracenes 3.26b 4.51e

C3-phenanthrenes/ 
anthracenes 3.26b 4.70e

C4-phenanthrenes/ 
anthracenes 3.26b 5.19e

fluoranthene 3.33 ± 0.17 3.73d 4.14
pyrene-d10 3.29 ± 0.20 4.03f ± 0.08
pyrene 3.35 ± 0.20 3.76d 4.22

C1-fluoranthenes/ pyrenes 3.33b 4.58e

retene 3.66 ± 0.18 4.19e

benzo[a]Anthracene 4.04 ± 0.34 4.51d 4.64
chrysene 3.71 ± 0.28 4.51d 4.63
C1-chrysenes 3.71b 4.96e

benzo[b]fluoranthene 3.78 ± 0.20 4.88d 4.64
benzo[k]fluoranthene 3.84 ± 0.06 4.94d 4.9
benzo[e]pyrene 3.26 ± 0.16 4.99d 5.11e

benzo[a]pyrene 2.52c 4.74
perylene 2.92 ± 0.15
indeno[1,2,3-c,d]pyrene 3.46 ± 0.06 5.06
dibenzo[a,h]anthracene 3.31 ± 0.06 4.86
benzo[g,h,i]perylene 2.57 ± 0.28 5.19
coronene 1.75 ± 0.58
a Mean ± standard deviation.  b Value estimated from similar PAH. c Only detected in one 

Table S1.  Summary of measured and published log KPOM  and log KPDMS.
Log KPOM (L/kg)

sample, standard deviation not available. d From Jonker, M. T. O.; Koelmans, A. A. Environ Sci 
Technol  2001, 35, 3742-3748. e Estimated from the linear relationship between log KOW and log 
KPDMS (log KPDMS = 0.76 log KOW + 0.265).  f Measured in pyrene-d10 isotherm. g From 
Cornelissen, G.; Gustafsson, O. Environ Sci Technol  2004, 38, 148-155.  h KPDMS is unitless.  
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Table S2.  Physicochemical properties of pyrenea, used in calculations for 
pyrene-d10. 

Chemical 
Aqueous Solubility 

(mg/L) 
Density 
(g/cm3) 

Molar 
Volume 
(cm3/g)b 

Molar Volume 
(cm3/mol)c 

Pyrene 0.13 1.271 159.40 214.0 
a All data from Mackay, D.; Shiu, W. Y.; Ma, K. C. Illustrated Handbook of Physical-chemical 
properties ad Environmental Fate for Organic Chemicals. Vol II:  Polynuclear Aromatic 
Hydrocarbons, Polychlorinated Dibenzodioxins, and Dibenzofurans; Lewis Publishers: Boca 
Raton, FL, 1992. b Molar volume calculated based on molecular weight and density. c Molar 
volume estimated using Le Bas method and used in Polyani-Dubinin-Manes Model. 
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Abstract.  We evaluated a novel passive sampling device, the poly(dimethylsiloxane) 

(PDMS) integrative sampler, by 1) measuring the uptake and release kinetics of 48 

polycyclic aromatic hydrocarbons (PAHs) from water into PDMS 2) comparing 

methods of loading performance reference compounds and 3) verifying the uptake 

kinetics by comparing PAH concentrations predicted by samplers to measured 

concentrations.  Polycyclic aromatic hydrocarbons with a log Kow > 4.90 remained in 

the linear uptake phase for the duration of the exposure.  Standard deployments of 

two weeks could be used for time-integrative monitoring of these compounds.  

Compounds with a log Kow < 4.38 reach equilibrium rapidly (T50 < 9 d) and the linear 

uptake model could not be used to predict analyte concentrations. Decreasing the 

surface area to volume ratio of the sampler would easily solve this issue.  Surface 

area normalized sampling rates of PDMS samplers and semi-permeable membrane 

devices (SPMDs), the most commonly used passive sampling device, were similar, 

indicating that PDMS samplers are comparable to the SPMD.  Concentrations of 

PAHs in the PDMS samplers predicted concentrations in water within a factor of two 

and on average were within 30% of the actual concentration.  Poly(dimethylsiloxane) 

samplers offer great potential for monitoring PAH exposure in the aquatic 

environment. 
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Introduction 

Monitoring of contaminants in the environment over time is essential in order 

to understand and assess ecological risk in aquatic environments.  Time integrative 

passive sampling devices (PSD), including the most commonly used PSD, the semi-

permeable membrane device (SPMDs) (1-5), are used to monitor trace contaminant 

concentrations in the aquatic environment, and have several advantages to other 

methods of monitoring.  Traditional sampling methods such as the grab sample 

require collection and extraction of a large number of samples in order to obtain a 

good representation of the average analyte concentration over time.  This method of 

sampling is labor intensive, expensive, may over look trace concentrations, and 

even with frequent sampling could easily misrepresent the average analyte 

concentration when extensive variations exist.   

Time integrative PSDs offer an alternative to traditional grab samples for 

monitoring contaminants over time.  Contaminants passively diffuse into a PSD until 

steady state is reached, at which time they will diffuse in or out of the device at equal 

rates (the basis of equilibrium samplers).  This results in the ability to calculate a 

time weighted average (TWA) concentration when the deployment is less than the 

time to reach steady state.  This TWA concentration reflects the average analyte 

concentration the PSD was exposed to in the water body during deployment.  In 

contrast to grab samples, PSDs provide the ability to monitor contaminants in the 

environment over time with fewer samples, reducing labor and cost, while yielding a 

more accurate reflection of the average analyte concentration dissolved in water. 
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Passive sampling devices also offer advantages over sentinel species and 

may be used as a surrogate measure of bioavailability because it is assumed they 

accumulate only truly dissolved contaminants.  Sentinel species are limited by the 

environments in which the organism can survive while PSDs may be deployed in 

many different environments.  The health of the sentinel species, metabolic rate, and 

feeding behavior can affect analyte concentrations in an organism but not in a PSD.  

Therefore, measurements of contaminants in a sentinel species may not reflect the 

actual concentration at a site or the exposure of other organisms at a site.  Uptake 

rates of PSDs and organisms are affected by environmental conditions such as flow 

rate, biofouling, and temperature. However, permeability/performance reference 

compounds (PRCs), demonstrated by Huckins et al.(2,5) and in our lab (1), may be 

used to correct for these factors in PSDs.   

Passive sampling devices are not appropriate for all situations.  For example, 

PSDs measure the bioavailable concentration of a compound.  They are not 

appropriate when the total concentration is desired.  Traditional grab samples would 

be more appropriate in these situations.  In addition, the use of PSDs requires the 

user to understand the theories and methodology of the device in order to use them 

correctly, and the kinetics of the compound in question must be well characterized 

for the PSD.  

We have developed a novel time-integrative PSD, the PDMS Integrative 

Sampler (PDMS-IS), using the PDMS polymer as a sampler.  Poly(dimethylsiloxane) 

has been shown to have partition coefficients similar to the octanol-water partition 
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coefficients and has been used as a fiber coating to measure concentrations of 

contaminants in air (6), water (7-9), and as a surrogate for biota  (10).  It is both 

chemically inert and stable at high temperatures.  The main advantage of PDMS-IS, 

over the traditional time-integrative PSD, the SPMD, is that it can be directly 

analyzed for contaminants without extraction by thermal desorption or with a small 

solvent volume that requires no additional clean-up steps to remove lipids and 

waxes that may interfere with quantitative analysis.  Poly(dimethylsiloxane) is also 

readily available in many configurations and in sheets with various thicknesses.  This 

allows for the design of samplers that may be tailored to the needs of a monitoring 

program.  For example, the volume and surface area may easily be manipulated in 

order to target a total amount absorbed into a sampler or change the time to reach 

steady state.  Poly(dimethylsiloxane) integrative samplers also offer simple 

construction, high extraction recoveries, and a low cost.   

Polycyclic aromatic hydrocarbons (PAHs) are ubiquitous in the environment 

and have been shown to elicit acute and chronic toxicity in humans (11) and other 

organisms (12-14).  Therefore, it is important to monitor environmental PAH 

concentrations.  In this research, we measured the uptake and release kinetics of 

PAHs for PDMS-IS to evaluate their use as PSDs. 

Uptake Model 

Uptake rates are commonly determined for PSDs by exposing the PSD to a 

constant contaminant concentration and measuring the concentration in the PSD 

over time (15) (eq 1).   



 90

CPDMS (t)  = CPDMS (eq) (1-exp-ket)    (1) 

The exchange rate constant (ke in d-1) is then determined based on the 

concentration in the PSD at time t (CPDMS (t)) and the concentration in the PSD at 

equilibrium (CPDMS (eq)), where t is time in days (d).  If equilibrium is not achieved the 

exchange rate constant may also be calculated by estimating CPDMS (eq) from the 

PDMS-water partition coefficient (eq 2): 

 CPDMS (eq)  = KPDMS Cw-fd     (2) 

where KPDMS is the PDMS-water partition coefficient and Cw-fd is the analyte 

concentration freely dissolved in water at steady state.  The exchange rate constant 

can be used to predict Cw-fd from sampler concentrations based on equation 3.   

 Cw-fd = CPDMS (t)/ KPDMS (1-exp -ket)    (3) 

Effective sampling rates are also commonly used to estimate the contaminant 

concentrations in the environment when deployment is less than the time to reach 

50% steady state (eq 4).    

Rs = N / Cw-fd t      (4) 

Effective sampling rates (Rs in units L/d) are based on the total amount of 

contaminant in the PSD (N) and the time the PSD was deployed (eq 4). 

The uptake curve can be divided into three portions: linear, curvilinear, and 

equilibrium.  Time-integrative PSDs (SPMDs and the PDMS-IS) utilize the linear 

portion of the uptake curve while equilibrium samplers (such as SPME fibers) utilize 

the equilibrium portion of the uptake curve.  If equilibrium is achieved during the 

exposure, the advantage of time-integrative sampling is lost.  The time to reach 50% 
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steady state (T50) is used to estimate when the linear portion of the uptake curve can 

be used and the time to reach 90% of steady state (T90) is used to estimate when 

the curvilinear portion of the uptake curve begins (eq 6):   

T50 = -ln 0.5 KPDMS VPDMS / Rs    (5) 

T90 = - ln 0.1 KPDMS VPDMS / Rs    (6) 

where VPDMS is the volume of PDMS in L.  

Release of analytes can be modeled by fitting the first-order-decay kinetic 

equation (eq 7) to measured concentrations in the PDMS-IS over time (5): 

CPDMS (t) = CPDMS-0 exp (-ket)     (7) 

where CPDMS-0 is the concentration in the PDMS at time 0.   

Permeability/performance reference compounds are compounds introduced 

into the PSD prior to deployment.  Huckins et al. (2) introduced the use of PRCs in 

SPMDs to account for environmental effects on uptake in PSDs.  Field ke rates of 

PRCs are compared to laboratory predicted ke values.  The difference between the 

two rates is assumed to reflect the changes that occurred in the uptake of the target 

analytes due to environmental conditions such as temperature, biofouling, and 

hydrodynamics.  The main assumption is that changes in elimination are directly 

proportional to changes in uptake and is based on isotropic exchange kinetics 

(KPDMS = ku/ke, where ku is the uptake rate) (5).  Permeability/performance reference 

compounds should not be found in significant amounts in the environment and 

should be governed by the same rate-controlling mechanisms of target analytes.  In 
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addition to measuring uptake and release kinetics of PAHs into PDMS-IS, we 

evaluated two methods of loading PRCs onto PDMS-IS. 

Materials & Methods 

Materials.  Alaska North Slope crude oil was a gift from Kevin McCarthy, Battelle, 

Duxbury, MA and coal tar was obtained from Chemservice, Inc., West Chester, PA.  

A thin sheet of PDMS (0.16 mm thick) was purchased from the distributor McMaster 

Supply Co., Atlanta, GA and manufactured by Diversified Silicone Products, Inc., 

Santa Fe Springs, CA.  Polycyclic aromatic hydrocarbons were obtained from 

Accustandard, New Haven, CT and deuterated PAHs from Crambridge Isotopes, 

Andover, MA.  All solvents were ultra-resi analyzed or HPLC grade.  

Poly(dimethylsiloxane) from different manufacturers may have a different degree of 

crosslinking and therefore different sampling rates.  Sampling rates used in this 

paper should use PDMS from the same manufacturer or verify that the uptake 

kinetics are similar. 

Preparation of PDMS-IS.  A 0.4-mm biopsy punch was used to cut a disk of PDMS 

from a thin sheet to form a PDMS-IS.  Each sampler weighed approximately 0.0211 

g (SD=0.0009) with a volume of 19.98 mm3 and a surface area of 45.11 mm2.  All 

samplers were pre-extracted by placing in acetone and shaking at 300 - 350 rpm for 

30 minutes with a total of five rinses.  Samplers were dried at 50oC for 10 minutes 

after extraction. 

Uptake Exposure.  Poly(dimethylsiloxane) integrative samplers were exposed to 

PAHs in deionized water for 25 days in a static renewal system.  Approximately 64-L 
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deionized water was spiked with a mixture of 70-µL Alaska North Slope crude oil and 

22-µL coal tar in 8-mL 1:1:1 acetone:ether:reagent alcohol.  The reservoir was 

equilibrated for 48 hours.  Water was filtered through a 1.5-micron glass fiber filter 

and 1-L water was transferred to a clean silanized 1-L beaker with renewal every 12 

hours (± 1 hour).  Renewal rates were approximated so that PAH concentrations in 

water did not change by more than 10%.  In all exposures, samplers were attached 

to a wire suspended from the top of the beaker/aquarium and the beaker was 

covered with foil to prevent photodegradation.  Samplers were collected in triplicate 

at 13 time points over 25 days.  Analyte concentrations in water were measured 

after exposure (every two days) and directly from the reservoir (once/week).  

Composite samples were also collected by taking 100 mL from each liter after each 

exposure.  This exposure was conducted at 23 ± 1 oC.  Biofouling was prevented in 

all exposures by dipping samplers in 1-mg/L copper sulfate every 2 d.  No biofouling 

was observed in any of the exposures.  Average dissolved organic carbon (DOC) 

concentrations were measured in all exposures using a Shimadzu TOC-5050. 

KPDMS Determination.  Deionized water (200 mLs) was spiked with analytes (in 200-

µL hexane) into 0.25-L amber jars with Teflon coated lids. Jars were shaken and 

then left open for approximately 30 minutes to allow for hexane evaporation.  One 

sampler attached to a wire was added to each jar.  Jars were shaken at 200 rpm for 

the duration of the experiment.   Samplers and water were extracted from three jars 

on days 11, 20, 32, 42, 55, and 61.  The experiment was conducted at 25 ± 1 oC.  
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Loading Performance Reference Compounds. Two methods of loading 

compounds into the samplers were evaluated.  In one method, referred to as the 

methanol (MeOH) method, samplers were shaken in a 50:50 MeOH:H2O solution 

spiked with PAHs.  In another method, referred to as the hexane method, samplers 

were placed in hexane spiked with PAHs and hexane was allowed to evaporate.  

Partition coefficients between PDMS and the 50:50 MeOH:H2O solution (KMS) were 

measured for anthracene-d10, fluorene-d8, and pyrene-d10 and the 16 priority 

pollutant (PP) PAHs (identified in Table 1).  Fifty samplers were placed in a 20-mL 

vial with 8-mL 50:50 MeOH:H2O spiked with PAHs (1250 ng/mL).  The vial was 

shaken for 24 hrs at 300 rpm on a shaker table.  Samplers were removed in triplicate 

at 1, 2, 5, 22, and 24 hrs, with the remaining samplers removed at 24 hrs.  After 

removal samplers were dried and stored.  The concentration in the solution was 

measured at 24 hrs by bringing the solution up to >80% water and using the same 

procedure used for a water extraction on a smaller scale.  For the hexane method, 

forty samplers were placed in a Petri dish and 4 mL of hexane spiked with PAHs 

(8000 ng PAH) was placed over the samplers and allowed to evaporate for 30 min.   

Elimination Exposures. Thirty-six samplers loaded with ~100 - 200 ng of the 16 PP 

PAHs, fluorene-d8, anthracene-d10, and pyrene-d10 (18 loaded with the hexane 

evaporation method and 18 loaded with 50:50 MeOH:H20 shaking) were placed in a 

19-L aquarium.  Deionized water (17 L) was renewed 3x/day for the first four days 

and then every 24 hrs in a static renewal system.  Renewal rates were estimated to 

keep PAH concentrations in water minimal.  Samplers were removed in triplicate 
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(three hexane loaded and three MeOH loaded) on days 0, 1, 5, 12, 30, 45, and 56.  

Water samples were also collected at each time point.  Six loaded samplers were 

wrapped in foil and stored at room temperature to verify loss from samplers due to 

degradation.  No significant loss was observed.  The aquarium remained at room 

temperature (average 25oC; range 24 - 27oC) throughout the exposure. 

Verification of Uptake Kinetics.  Static exposures were also conducted by 

exposing PDMS-IS to the 16 PP PAHs and deuterated PAHs (listed above) in a 

static renewal system with renewal of water every 24 hours in three separate 

experiments.  For the first experiment, 1.7 L of deionized water was spiked with 

PAHs in a silanized 2-L beaker and equilibrated for approximately 24 hrs prior to 

exposure.  Samplers were removed in triplicate on days 1, 3, 5, 7, and 10.  Analyte 

concentrations in water were measured after exposure on days 1, 5, and 10.  

Composite samples were also collected over all days by taking 100 mL after 

exposure over five days.  In experiments two and three, 20-L reservoirs were spiked 

with PAHs.  The reservoirs were equilibrated for five days and treated with copper 

sulfate to prevent biodegradation.  Water was renewed (1.7 L) in a silanized 2-L 

beaker every 24 hrs.  Sampler and water samples were collected in a manner similar 

to experiment one.  Analyte concentrations in water were less than the water 

solubility in all exposures. 

Sample Processing.  All materials were solvent rinsed or baked out for 24 hrs prior 

to use.  Water samplers were extracted by shaking three times in dichloromethane 

(DCM) (60-mL DCM to 0.5-L water) in a separatory funnel.  Dichloromethane was 
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eluted and dried with anhydrous sodium sulfate.  The extract was then concentrated 

using a rotovap and a gentle stream of nitrogen, filtered (Whatman Uniprep filter vial, 

0.45 µm, poly(tetrafluoroethylene), and further concentrated to 1 mL.  Samplers 

were extracted by shaking in 0.5-mL acetone for 3 hrs at 300 - 350 rpm.  If samples 

were stored prior to extraction samplers were stored at -20oC in a 2-mL vial and 

water at  

-4oC.    

Instrument Analysis and Quality Control.  Extracts were analyzed using an 

Agilent 6890 gas chromatograph equipped with electronic pressure control and an 

Agilent 5973 mass selective detector (MS-electron ionization) in selected ion 

monitoring mode.  The column was a Restek 30 m x 0.25 mm ID with 0.25 µm film 

thickness with a 5-m guard column (Rtx 5MS with Integra guard).  The initial 

temperature was 40oC ramped at 25oC/minute to 100oC, then at 5oC/minute to 

300oC, and held for 15 minutes.  This method is similar to that described by others 

(16-20).  Quantitation of 45 PAHs was based on four or five point calibration curves 

with relative standard deviations of less than 25% and benzo[a]pyrene-d12 and 

phenanthrene-d10 recovery internal standards. 

Method detections limits (MDLs) were determined by taking three PDMS-IS 

blanks or deionized water through the extraction procedure and multiplying the 

average response in the blanks by three.  Sampler blanks did not contain any signal 

for the PAHs.  Water blanks did contain some low levels of background PAHs.  

However, all background was less than 0.5% with an average of 0.05% of ng 
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measured in samples.  The method limit of quantitation (MQL) was calculated as the 

mean response plus 10x the standard deviation of the blanks.  Average MDLs were 

approximately 0.004 ng/sampler and 0.02 ng/L for water.  Average MQL for 

samplers was 0.01 ng/sampler and 0.06 ng/L for water.   

Procedural blanks and matrix spikes were completed for both PDMS 

samplers and water samples.  Recoveries of matrix spikes for samplers ranged from 

77% to 100% with coefficients of variation (CV) less than 5%.  Surrogate internal 

standards (naphthalene-d8, acenaphthene-d10, chrysene-d12, and perylene-d12) 

were spiked into all samples, prior to extraction, to monitor recoveries in samples.  

Average surrogate internal standard recoveries in samplers ranged from 88% - 96%.  

Matrix recoveries for water ranged from 62 - 94% with the lowest recoveries 

occurring for naphthalene and all CVs were 20% or less.  Average surrogate internal 

standard recoveries for water ranged from 69% - 79%.  All water samples were 

corrected for recovery based on the surrogate internal standard occurring closest to 

the compound in the chromatogram.  Sampler concentrations were not recovery 

corrected because all recoveries were near 100%. 

Data Analysis.  Effective sampling rates were determined by taking the slope of the 

average ng/sampler graphed by time in the linear portion of the uptake curve and 

dividing by the total analyte concentration in water (Cw-tot).  Linear regression (SAS 

v8.02) was used to determine if the intercept could be neglected or was not 

statistically significant (p<0.0001).  Exchange rate constants were modeled using 

equation one or seven and nonlinear regression (Sigma Plot v7.101-Marquardt-
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Levenberg Algorithm).  Standard errors were based on calculations from linear and 

nonlinear regressions.  If equilibrium was not reached during the exposure the 

measured KPDMS was used to predict ke.  When KPDMS were unavailable the KPDMS 

was estimated using the linear relationship between log Kow and log KPDMS.  

Total analyte concentrations in water can be corrected for DOC based on the 

following equations (21): 

ffd = 1/(1+[POC] KPOC + [DOC] KDOC)   (8) 

CW-fd = CW-tot ffd       (9) 

where ffd is the fraction analyte freely dissolved, [POC] is the concentration of 

particulate organic carbon, KPOC is the particulate organic carbon-water partition 

coefficient, [DOC] is the DOC concentration, and KDOC is the DOC-water partition 

coefficient.   Exchange rate constants were also calculated by estimating CPDMS (eq) 

based on CW-fd and the KPDMS when steady state was not reached.  The relationship 

between KOW and KDOC (KDOC = 0.11 KOW) derived by Burkhard (21) was used to 

estimate CW-fd.  Particulate was not considered because we assumed deionized 

water did not contain particulate.  Effective sampling rates were also calculated 

using CW-fd.  However, all published values are based on the CW-tot and were 

assumed to reflect CW-fd, see results for an explanation. 

Results  

Uptake and Release Kinetics 

Exchange rate constants and effective sampling rates (derived from uptake 

exposures) were analyzed for a broad suite of PAHs and related compounds (Table 



 99

2).  Representative uptake curves are shown in Figure 1.  Measurement of the Rs 

and ke in an uptake exposure requires constant PAH concentrations in water during 

the exposure.  Polycyclic aromatic hydrocarbon concentrations in water ranged from 

3 - 8500 ng/L and the average CV was 19% for compounds with a molecular weight 

(MW) lower than 242 (C1-chrysene).  This variation is similar to the variation in 

extraction procedures.  Regressions for these compounds were very good with R2 

values typically above 0.90.  Coefficients of variation for high MW PAH (BbF – CO) 

concentrations were much higher due to lower concentrations and a slightly higher 

concentration during the first five days of exposure but still varied <2 ng/L over the 

last 20 days.  Sampling rates of the high MW PAHs were therefore not as reliable 

due to low and more variable concentrations.  These sampling rates are better 

viewed as initial estimates.  All published values were significant (p<0.0001) with 

standard errors generally less than 10% of the measured value.  Exchange rate 

constants ranged from 0.81 - 0.0005 d-1 and effective sampling rates ranged from 

0.0064 - 0.0003 L/d.  This range is narrow compared to the range in log Kows (3.37 – 

7.23).   

Intercepts from uptake curves in PSDs theoretically should be 0.  However, 

intercepts are commonly observed (22).  To avoid influence of intercepts on 

predicted concentrations, deployment of PSDs should be long enough that the 

intercept will account for less than 10% of the total amount taken up in a PSD (22).  

Intercepts were significantly different from 0 for some high MW and alkylated PAHs 

(<0.80 ng; C, C1, BbF, BkF, BeP, BaP, PE, IN, DahA; <4 ng; F3, P3, FP1) but 
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overall were negligible.  Intercepts of high MW PAHs most likely were significant due 

the small amounts taken up into samplers and a slightly higher Cw-tot during the first 

five days of exposure.  The intercepts were all much greater than the average blank 

response and this could not account for the observed intercept.   

Poly(dimethylsiloxane)-water partition coefficients were measured for the 

samplers when equilibrium was reached during the uptake exposures and in a 

separate KPDMS study for select PAHs (Table 3).    Measured KPDMS values were 

consistent with those published in the literature (23-27) and increased with log Kow 

for PAHs with a log Kow < 6.04.  A strong linear relationship existed between log Kow 

and log KPDMS for these PAHs (log KPDMS = 0.7573 log Kow + 0.265, R2 = 0.98, KPDMS 

Exp.) (Figure 2).   Measured KPDMS values derived during the uptake exposure had a 

similar slope but a slightly higher intercept (excluding AY) (log KPDMS = 0.7602 log 

Kow + 0.4947, R2 = 0.92).   

Release of analytes from samplers was analyzed for PAHs (N – C) with 

measurable loss from the samplers over 56 d.  Overall PAH concentrations in water 

for the elimination exposure were negligible.  Naphthalene and AY concentrations in 

water were slightly high (>20% of total ng in system).  Elimination derived kes were 

higher than uptake derived kes by an average factor of two (Table 4).  This is 

consistent with findings of Booij et al. (22) and Huckins et al. (5).  Booij et al. (22) 

saw variation of a factor of 1.2 - 1.6 for SPMDs.  Huckins et al. (5) analyzed ku 

values in clean and biofouled SPMDs.  The ratios of predicted values (derived from 

elimination of PRC) / measured values (determined by uptake of target analytes) 
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were between 2.3 - 1.6 for clean SPMDs and 1.2 – 1.0 for biofouled SPMDs.  

Temperature has been shown to affect sampling rates of PAHs into PDMS and 

SPMDs (9,15).  Temperatures during the uptake exposure were slightly higher than 

in the elimination exposure (23oC vs. 25oC) but were not expected to significantly 

affect sampling rates.  Due to the consistent discrepancy between elimination 

derived and uptake derived ke values, uptake of target compounds should be 

modeled using uptake derived kes and release of PRCs should be estimated using 

elimination derived kes.  

Uptake derived log ke had a negative linear relationship to log Kow and log 

KPDMS (log ke = -0.9477 log Kow + 2.8903, R2=0.9228) (Figure 3).  The slopes of 

MeOH elimination derived and uptake derived kes were parallel at -0.95 with the 

MeOH elimination ke’s having a slightly stronger relationship (log ke = -0.95 log Kow + 

3.20, R2 = 0.97).  Hexane elimination ke‘s slope was slightly higher at -0.84 with a 

slope of 2.72.  Booij et al. (22) obtained a similar slope of -0.42 for SPMDs.  Booij et 

al. (22) suggests that the slope of this relationship will remain constant and the 

intercept will vary with exposure conditions.  This is supported by our data in which 

intercepts were more variable than the slope.  Vrana et al. (9) suggests that when 

impedance is dominated by the PSD, ke will be independent of KPDMS.  This indicates 

that mass transfer into the sampler was limited by diffusion through the aqueous 

boundary layer for all compounds.  This may be related to the fact that our 

exposures occurred in static systems creating very thick boundary layers.  Effective 

sampling rates also had a negative linear relationship with log Kow (log Rs = -0.3157 
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log Kow - 0.9945, R2 = 0.77) (Figure 3).  Semi-permeable membrane device’s Rss 

have shown very weak relationships to log Kow and have been both positive and 

negative (1,4). 

Loading PRCs onto Samplers. 

We compared two different methods of loading compounds onto samplers.  In 

one method, hexane spiked with PAHs was placed over the samplers and allowed to 

evaporate (hexane method).   In another method, we shook the samplers in a 50:50 

MeOH:H2O solution spiked with PAHs (MeOH method).  Steady state was reached 

in this method between 2 - 5 hours.  We suggest shaking the samplers overnight to 

ensure steady state is reached and loading three extra samplers to measure the 

amount PRC / sampler and variation for each batch.  Results from the two different 

methods of loading were similar (Table 5).  The MeOH method had a slightly lower 

CV in total ng PAH/sampler (5% vs. 13%) and a slightly higher efficiency (total ng in 

sampler/total ng spiked; 77% vs. 70%).  Although the methods were statistically 

different (t-test, p<0.0001) the differences are very small.  The amount of analyte 

needed to spike into the system, using the MeOH method, may be calculated using 

the following equation derived by Booij et al. (28): 

Nt = NM (VS + n mM KMS/mD KMS)     (10) 

where Nt  is the total amount of analyte added to the system to get a target amount 

per sampler (NM), KMS (mL/g) is the PDMS-solution partition-coefficient,  VS is the 

volume solution (mL), n is the number of samplers, and mM is the mass of one 

sampler (g).  Values of KMS are shown in Table 3.   
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Elimination rates were also calculated using samplers loaded with the MeOH 

method and the hexane method.  Elimination rates based on samplers loaded in 

hexane had a higher standard error (on average 20% of measured ke) than MeOH 

loaded samplers (on average 6% of measured ke).  We compared uptake into 

samplers 1) soaked in 50:50 MeOH: H20 2) soaked in hexane and 3) not soaked in a 

loading solvent (only exposed to acetone for pre-extraction) and saw no difference in 

uptake rates (data not shown).  This indicates that the increased standard error was 

due to the increased variation in total ng loaded into the hexane samplers and the 

MeOH method will have a reduced variation between samplers. 

Verification of Uptake Kinetics.   

PAH concentrations in water were predicted using PDMS-IS and both the ke 

and Rs in three laboratory exposures.  In exposure one, PAH concentrations ranged 

from 360 - 570 ng/L.  In exposures two and three, concentrations were lower and 

ranged from 8 - 325 ng/L.  Predicted concentrations were in good agreement with 

observed concentrations (Figures 4a and 4b).  The average predicted / observed 

(P/O) ratio of concentrations was 1.57 (Rs predicted) and 1.81 (ke predicted) for 

compounds with reliable uptake kinetics (N – C) and 1.16 (Rs predicted) and 1.29 (ke 

predicted) when you exclude the high outlier for BaA.   This ratio was slightly higher 

when using all data (including estimates of high MW PAHs): 2.48 (Rs predicted) and 

1.79 (ke predicted).  However, when concentrations in water were >25 ng/L, P/O 

ratios are almost one (1.27 - 1.29) for all compounds.  The discrepancy between 

predicted and observed concentrations could be a result of the poor regressions 
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during the measurement of uptake kinetics for high MW PAHs.  However, when only 

high MW PAHs exposed to high concentrations in water (in experiment one) are 

considered, the average P/O ratio was 0.96 (ke predicted: BbF - BghiP) and 1.88 (Rs 

predicted: BbF - BghiP), indicating that all uptake kinetics are good estimates.  

Three conclusions can be drawn from these results:  1) PDMS-IS offer great 

potential for use as PSDs to predict PAH concentrations in water; 2) due to the small 

size of the sampler and possible greater influence of intercepts, predicted PAH 

concentrations below 25 ng/L will have less agreement with observed values but 

should be within a factor of two; and 3) analyte concentrations in water were better 

predicted using the ke (equation 4) than the Rs (equation 5).  This is probably due to 

the use of the KPDMS to estimate ke, yielding more accurate kes than Rs values for 

high MW PAHs.  Benzo(a)anthracene and indeno(cd)pyrene had uncharacteristically 

high P/O ratios.  This is most likely due to poor resolution of these two peaks which 

occurred for quantitation in experiments two and three because of low 

concentrations in PDMS.   

Exchange rate constants and effective sampling rates were also calculated 

based on PAH concentrations in water corrected for average DOC measured in the 

uptake exposure.  Average DOC measured in the uptake exposure was high at 80 

mg/L.  Constituents of creosote and ANS crude oil most likely artificially increased 

measured DOC.  Dissolved organic carbon correction resulted in an underestimation 

of the CPDMS (eq), underestimated KPDMS, and artificially high ke and Rs values.  When 

these values were used in the verification of uptake kinetics study, concentrations of 
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high MW PAHs were overestimated while low MW PAHs were virtually unaffected.  

We believe that measured DOC included hydrocarbons from crude oil and creosote 

that is not representative of typical DOC and did not significantly affect measured 

uptake.  It is likely that a lower concentration of DOC was present.  We also 

calculated the uptake kinetics assuming a DOC concentration of 2.6 mg/L.   This 

resulted in a slightly better prediction of PAH concentrations for high MW 

compounds when using the ke (a reduction in the average P/O ratio by 0.3), but an 

underestimation of high MW PAHs when using the Rs (P/O ratios for high MW PAHs 

were less than 1%).  Due to the uncertainty involved with DOC concentrations and 

the poor prediction of PAH concentrations in water using corrected uptake kinetics 

all published values are based on CW-tot.  We also measured KPDMS values using 

deionized water with DOC concentrations known to be less than 2 µg/L, data not 

shown.  There was no difference between values measured using deionized water 

used in all of these experiments and low carbon water.  Therefore, we believe the 

DOC had little effect on our measured values. 

Discussion 

In order to be able to measure a TWA concentration the samplers must 

remain in the uptake phase (not reach steady state) during the exposure.  This is 

usually accomplished by keeping deployment times less than the T50 and using the 

linear uptake model.  Deployment periods also should be long enough so that 

intercepts can be neglected, even when analyte concentrations are very low (usually 

> 1wk).  Analytes with a log Kow > 4.90 remained in the linear uptake phase during 
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the entire exposure (25 d) and could easily be deployed for up to 1 - 2 months.  

Polycyclic aromatic hydrocarbons with a log Kow < 4.38 reach equilibrium rapidly  

(T50 < 9 d) and the effective sampling rate could not be used to estimate 

concentrations in samplers of this design for standard deployments of two weeks (9 

out of 45 analytes).  This could be resolved by increasing the surface area/volume 

ratio (see supporting information).  The small size of the samplers led to a 

decreased ability to measure low PAH concentrations in water because of the 

smaller amount of chemical taken up into the sampler.   This could be alleviated by 

increasing the surface area of the sampler and thus the total ng of PAH taken up into 

the sampler (see supporting information). It should also be noted that increasing the 

flow rate is expected to increase the sampling rate by up to 3x, resulting in a higher 

total ng/sampler and decreased T50. 

In the current design, PDMS-IS should be used to measure PAH 

concentrations >100 ng/L to obtain a concentration greater than 1 ng/sampler within 

14 d.  The surface area of the sampler would need to be increased by 0.5 - 8x to 

measure PAH concentrations of all compounds at 10 ng/L and 5 - 80x for 1 ng/L.  A 

rod of PDMS 2.54 cm in diameter and 9 cm height or a 4 cm square 2.54 cm thick 

would allow for measurement of all compounds at PAH concentrations of 1 ng/L with 

all T50 values >17 d.  Changing the design of the sampler would require verification 

of the relationship between the surface area, volume, and the sampling rate, and 

that difficulties with working with a thicker sampler were not present.  Due to the 

ease of working with samplers in this small configuration another solution would be 
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to extract multiple samplers at once to increase the total ng in an extract and back 

calculating to total ng/sampler for predicting PAH concentrations.   

Semi-permeable membrane devices have commonly been used in the last 10 

years as PSDs.  Surface area normalized sampling rates of samplers and SPMDs 

were similar (Figure 5), indicating that the PDMS-IS are comparable to the SPMD.  

Poly(dimethylsiloxane) offers an advantage to polyethylene in that it does not require 

clean up if solvent extracted or could be analyzed using thermal desorption.  

This study evaluated the use of PDMS-IS for use as PSDs to measure PAH 

concentrations in water.  Samplers predicted PAH concentrations in water >25 ng/L 

within a factor of two and on average within 30% of observed concentrations.  We 

believe that PDMS-IS offer great potential for use as a time integrative PSD.   
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Figure 1.  Uptake curves of representative PAHs, fluorene ( ), phenanthrene (∆), and chrysene ( ), into PDMS-IS. 
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Figure 2.  Linear relationship between log Kow and log KPDMS.  Data from the KPDMS experiment (  and solid line), an 
uptake experiment (  and dotted line), and from Doong et al. (∆) are shown. 
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Figure 3.  Relationship between sampling rates and log Kow.  Sampling rates shown include uptake derived kes (  and 
solid line), uptake derived Rss (∆ and dashed line), and elimination derived kes (  and dotted line). 
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Figure 4a.  Ratio of freely dissolved PAH concentrations derived from PDMS-IS residues and the Rs to that measured in 
water in 3 laboratory exposures.  Experiment 1’s ( ) PAH concentrations in water ranged from 360 - 570 ng/L while 
experiment 2 (∆) and experiment 3 ( ) PAH concentrations ranged from 8 - 325 ng/L.  Ratios for BaA (6.59 and 8.32), 
BaP (5.16 and 5.02), IN (17.82 and 9.30), and BghiP (6.93 and 5.27) in experiment 2 and 3 respectively, are not shown. 
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Figure 4b. Ratio of freely dissolved PAH concentrations derived from PDMS-IS residues and the uptake derived ke to that 
measured in water in 3 laboratory exposures.  Ratios for BaA (8.9 and 11.5) in experiment 1 ( ) and 2 (∆) and IN (4.9, 
exp. 1) are not shown.  Experiment 3 ratios are represented by . 
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Figure 5.  Comparison of sampling rates of PDMS-IS ( ) and SPMDs ( ). 
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Symbol Log Kow
a MWb

N 3.37
2MN 3.86
1MN 3.86
N1 3.86
N2 4.37
N3 4.9
N4 5.3

DMN 4.37
TMN 4.9

BI 3.9
AY 4.07
AC 3.92
DF 4.12
F 4.18

Fd10
1MF 4.97
F1 4.97
F2 5.2
F3 5.5
D 4.38

D1 4.8
D2 5.5
D3 5.7
PH 4.46
AN 4.54

ANd10
1MP 5.14
P1 5.14
P2 5.6
P3 5.85
P4 6.5

Table 1 continued on next page.

Table 1. Polycyclic aromatic hydrocarbons analyzed in this
study with selected physico-chemical properties.

napthalenec 128
2-methylnaphthalene 142
1-methylnaphthalene 142
C1-naphthalenes 142
C2-napthalenes 156
C3-napthalenes 170
C4-napthalenes 184
2,6-dimethylnapthalene 156
2,3,5-trimethylnapthalene 170
biphenyl 154
acenaphthylenec 152

acenaphthenec 154
dibenzofuran 168
fluorenec 166
fluorene-d10 176
1-methylfluorene 180
C1-fluorenes 180
C2-fluorenes 194
C3-fluorenes 208
dibenzothiophene 184
C1-dibenzothiophenes 198
C2-dibenzothiophenes 212
C3-dibenzothiophenes 226
phenanthrenec 178

anthracenec 178
anthracene-d10 188
1-methylphenanthrene 192
C1-phenanthrenes/anthracenes 192
C2-phenanthrenes/anthracenes 206
C3-phenanthrenes/anthracenes 220
C4-phenanthrenes/anthracenes 234

Analyte
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Table 1. (Continued)

Symbol Log Kow
a MWb

FL 5.22
PY 5.18

PYd10
FP1 5.7

R
BaA 5.91

C 5.61
C1 6.2
C2 6.5
C3 6.8
C4 8

BbF 5.8
BkF 6
BeP 6.4
BaP 6.04
PE 6.5
IN 7

DahA 6.75
BghiP 7.23

CO 7.64

fluoranthenec 202

pyrenec 202
pyrene-d10 212
C1-fluoranthenes/pyrenes 216
retene 234
benzo[a]anthracenec 228

chrysenec 228
C1-chrysenes 242
C2-chrysenes 256
C3-chrysenes 270
C4-chrysenes 284
benzo[b]fluoranthenec 252

benzo[k]fluoranthenec 252
benzo[e]pyrene 252

dibenzo[a,h]anthracenec 278

benzo[a]pyrenec 252
perylene 252

a Log Kow and molecular weight are from Luellen et al. b Molecular weight
is represented by MW.  c Analyte is one of the 16 priority pollutant PAHs.

Table 1. Polycyclic aromatic hydrocarbons analyzed in this
study with selected physico-chemical properties.
Analyte

benzo[g,h,i]perylenec 276
coronene 300

indeno[1,2,3-c,d]pyrenec 267
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Symbol ke (d-1) ±  SE R2 Rs (L/d) ± SE R2 T50 (d)c T90 (d)d

N 0.8112 ± 0.0615 0.98 0.0064 ± 0.0005 0.96 1 5
2MN 0.2075 ± 0.0094 0.99 0.0069 ± 0.0003 0.98 3 11
1MN 0.2304 ± 0.0112 0.99 0.0067 ± 0.0003 0.99 4 12
N1 0.2216 ± 0.0098 0.99 0.0071 ± 0.0003 0.98 3 11
N2 0.0914 ± 0.0048 0.99 0.0050 ± 0.0002 0.98 11 37
N3 0.0199 ± 0.0003a 0.99 0.0046 ± 0.0001 0.99 35 116
N4 0.0042 ± 0.0001a 0.96 0.0024 ± 0.0001 0.98 172 571
DMN 0.0781 ± 0.0046 1 0.0053 ± 0.0002 0.98 9 31
TMN 0.0158 ± 0.0006a 0.95 0.0024 ± 0.0001 0.98 69 229
BI 0.1660 ± 0.0075 0.99 0.0070 ± 0.0003 0.99 4 12
AY 0.3846 ± 0.0296 0.98 0.0036 ± 0.0002 0.98 5 17
AC 0.1356 ± 0.0087 0.99 0.0054 ± 0.0004 0.92 7 23
DF 0.1547 ± 0.0069 0.99 0.0049 ± 0.0004 0.93 7 25
F 0.0715 ± 0.0024a 0.96 0.0043 ± 0.0003 0.93 10 33
1MF 0.0140 ± 0.0003a 0.96 0.0033 ± 0.0001 0.98 46 153
F1 0.0141 ± 0.0003a 0.96 0.0034 ± 0.0001 0.98 46 152
F2 0.0059 ± 0.0001a 0.95 0.0020 ± 0.0001 0.96 115 382
F3 0.0015 ± 0.0001a 0.81 0.0007 ± 0.0000 0.9 577 1917
D 0.0638 ± 0.0013a 0.99 0.0039 ± 0.0002 0.97 14 48
D1 0.0131 ± 0.0002a 0.98 0.0021 ± 0.0001 0.98 62 204
D2 0.0034 ± 0.0001a 0.97 0.0017 ± 0.0001 0.97 225 747
D3 0.0011 ± 0.0000a 0.88 0.0009 ± 0.0001 0.88 624 2073
PH 0.0466 ± 0.0009a 0.98 0.0044 ± 0.0002 0.98 17 58
AN 0.0114 ± 0.0004a 0.91 0.0019 ± 0.0001 0.92 55 183
1MP 0.0091 ± 0.0002a 0.96 0.0030 ± 0.0001 0.97 69 230
P1 0.0095 ± 0.0002a 0.97 0.0027 ± 0.0001 0.97 76 252
P2 0.0037 ± 0.0001a 0.97 0.0020 ± 0.0001 0.98 198 656
Table 2 continued on next page.

Table 2. Summary of measured uptake kinetics derived in an uptake exposure of PAHs into
PDMS integrative samplers.
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Table 2. (continued)

Symbol ke (d-1) ±  SE R2 Rs (L/d) ± SE R2 T50 (d)c T90 (d)d

P3 0.0014 ± 0.0001a 0.68 0.0013 ± 0.0001 0.95 687 2282
P4 0.0003 ± 0.0000a 0.67 0.0012 ± 0.0001 0.89 1756 5831
FL 0.0145 ± 0.0002a 0.99 0.0037 ± 0.0001 0.99 55 184
PY 0.0134 ± 0.0002a 0.99 0.0040 ± 0.0001 0.99 60 198
FP1 0.0020 ± 0.0000a 0.96 0.0015 ± 0.0000 0.98 381 1265
R 0.0012 ± 0.0000a 0.88 0.0012 ± 0.0001 0.94 478 1588
BaA 0.0018 ± 0.0000a 0.95 0.0022 ± 0.0001 0.94 371 1231
C 0.0046 ± 0.0001a 0.96 0.0038 ± 0.0001 0.98 163 540
C1 0.0004 ± 0.0000a 0.85 0.0009 ± 0.0001 0.91 1968 6536
C2 nd nd
C3 nd nd
C4 nd nd
BbF 0.0019 ± 0.0001ab 0.67 0.0013 ± 0.0001b 0.84 496 1649
BkF 0.0008 ± 0.0000ab 0.53 0.0009 ± 0.00001b 0.79 1277 4240
BeP 0.0007 ± 0.0000ab 0.56 0.0013 ± 0.0001b 0.74 1486 4935
BaP 0.0015 ± 0.0001ab 0.19 0.0010 ± 0.0001b 0.66 762 2529
PE 0.0020 ± 0.0002ab 0 0.0017 ± 0.0004b 0.36 815 2706
IN 0.0004 ± 0.0001ab 0 0.0003 ± 0.0001b 0.22 3833 12729
DahA 0.0006 ± 0.0001ab 0 0.0010 ± 0.0002b 0.41 2134 7087
BghiP 0.0005 ± 0.0001ab 0 0.00043 ± 0.0002b 0.11 3878 12880
CO nd nd
aSampling rates estimated from KPDMS when steady state was not reached during exposure.
bSampling rate should be viewed as initial estimate. cTime to reach 50% steady state. dTime to
reach 90% steady state. nd= not detected. 

Table 2. Summary of measured uptake kinetics derived in an uptake exposure of PAHs into
PDMS integrative samplers.
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KMS
f ± SE (mL/g)

Analyte KPDMS Exp. Uptake Exp. 100 µm 15 µm 7 µm
naphthalene 2.76 ± 0.04 2.76 ± 0.86 3.02a, 2.85b, 2.85c 2.73b, 2.91e 32.22 ± 1.28
2-methylnaphthalene nm 3.27 ± 1.34 nm
1-methylnaphthalene nm 3.23 ± 1.31 nm
C1-naphthalenes nm 3.27 ± 1.32 nm
C2-napthalenes nm 3.31 ± 1.95 nm

2,6-dimethylnapthalene nm 3.67 ± 2.11 nm
biphenyl nm 3.35 ± 1.46 nm
acenaphthylene 3.06 ± 0.04 2.85 ± 1.04 3.4a 20.51 ± 1.20
acenaphthene 3.36 ± 0.04 3.44 ± 1.76 3.63a 55.99 ± 1.43
dibenzofuran nm 3.36 ± 1.48 nm
fluorene-d10 3.43 ± 0.04 42.20 ± 1.11
fluorene 3.48 ± 0.04 3.71a 3.72e 45.66 ± 1.09
phenanthrene 3.71 ± 0.04 3.96a, 3.41b 3.48d 3.98e 39.60 ± 0.97
anthracene-d10 3.84 ± 0.04 39.19 ± 2.25
anthracene 3.75 ± 0.02 3.98a, 3.41b, 4.10c 4.42b, 4.17e 43.59 ± 1.79
fluoranthene 4.14 ± 0.02 4.71a, 4.11b 4.09d 3.97b, 4.52e 43.56 ± 1.70
pyrene-d10 4.16 ± 0.04 47.83 ± 3.20
pyrene 4.22 ± 0.04 4.86a, 4.07b 4.38b, 4.63e 49.72 ±1.63
benz[a]anthracene 4.64 ± 0.06 5.26a, 3.83b, 4.95c 4.44b 72.05 ± 3.56
Table 3 continued on next page.

Table 3.  Summary of measured and published KPDMS and KMS.

Measured                                   
Log KPDMS ± SE

Published Log KPDMS for                               
PDMS SPME fibers
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Table 3. (Continued)

KMS
f ± SE (mL/g)

Analyte KPDMS Exp. Uptake Exp. 100 µm 15 µm 7 µm
chrysene 4.63 ± 0.05 5.69a, 3.97b 4.46b, 4.92e 71.04 ± 3.08
benzo[b]fluoranthene 4.64 ± 0.13 5.17a 4.72b 80.44 ± 4.97
benzo[k]fluoranthene 4.90 ± 0.13 5.33a 90.33 ± 3.92
benzo[a]pyrene 4.74 ± 0.19 5.39a, 3.47b, 4.86c 4.26b, 5.19e 104.42 ± 3.46
dibenz[a,h]anthracene 4.86 ± 0.22 4.86a 166.14 ± 7.21
indeno[1,2,3-
c,d]pyrene 5.06 ± 0.18 4.43a 131.05 ± 18.94
benzo[g,h,i]perylene 5.19 ± 0.15 4.28a 105.41 ± 7.58

Table 3.  Summary of measured and published KPDMS and KMS.

Log KPDMS ± SE PDMS SPME fibers

a Doong, R.-a.; Chang, S.-m. Anal Chem  2000, 72, 3647-3652. bLangenfeld, J. L.; Hawthorne, S. B.; Miller, D. J. 
Anal Chem  1996, 68, 144. cPotter, D.; Pawliszyn, J. Environ Sci Technol  1994, 28, 298-305.  d Mayer, P.; Vaes, W.
 J.; Wijnker, F.; Legierse, K. C. H. M.; Kraaij, R.; Tolls, J.; Hermens, J. L. M. Environ Sci Technol  2000, 34, 5177-5183.
 e Poerschmann, J.; Zhang, Y.; Kopinke, F.-D.; Pawliszyn, J. Anal Chem  1997, 69, 597-600.  f Partition-coefficient for
PDMS sampler in 50:50 Methanol:H20 solution.  nm = not measured.

Measured Published Log KPDMS for   

 



 123

MeOH Loadeda Hexane Loadedb

naphthalene 1.4722 ± 0.0574 1.3191 ± 0.1394
acenaphthylene 0.2943 ± 0.0300 0.2693 ± 0.0507
acenaphthene 0.2024 ± 0.0064 0.1799 ± 0.0236
fluorene-d10 0.1793 ± 0.0063 0.1528 ± 0.0222
fluorene 0.1500 ± 0.0052 0.1357 ± 0.0203
phenanthrene 0.0771 ± 0.0030 0.0755 ± 0.0121
anthracene-d10 0.0665 ± 0.0043 0.0318 ± 0.0134
anthracene 0.0556 ± 0.0030 0.0586 ± 0.0104
fluoranthene 0.0225 ± 0.0009 0.0279 ± 0.0047
pyrene-d10 0.0251 ± 0.0014 0.0284 ± 0.0047
pyrene 0.0197 ± 0.0008 0.0258 ± 0.0042
benz[a]anthracene 0.0051 ± 0.0006 0.0073 ± 0.0025c

chrysene 0.0052 ± 0.0009 0.0084 ± 0.0021c

Table 4.  Summary of exchange rate constants derived in elimination studies.
Elimination Derived ke (d

-1)

aSamplers loaded by shaking in 50:50 MeOH:H20 solution. bSamplers loaded using
hexane evaporation method.  cp value <0.05, all other p values were <0.0001.  
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Hexane MeOH
Average ng / PSD 140 130
Range 36 - 183 81 - 213
ng in sampler / ng spiked 70% 77%
Average CV between Samplers 13% 5%

Table 5.  Comparison of methods of loading PRCs.
Method
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Supporting Information.   

Uptake kinetics of PSDs may be manipulated by changing the size and shape 

of samplers.  For example, the uptake rate is directly proportional to the surface area 

and may be normalized to the surface area (1).  The surface area needed to get a 

target amount of analyte in a sampler may be calculated based on the following 

equation: 

SA = (N /CW-fd t) / Rs-cm2      (1) 

where SA is the desired surface area, N is the total amount desired in a sampler, t is 

the time deployed, and Rs-cm2 is the surface area normalized sampling rate.  Figure 

S1 shows the relationship between surface area and total ng measured/sampler.  In 

general, higher MW compounds have lower sampling rates and therefore will 

determine the size of sampler needed.  Benzo(ghi)perylene has the lowest sampling 

rate, based on an N of one ng and deployment of 14 days a surface area of 79 cm2 

would be needed for PDMS.   

The surface area/volume ratio determines the time to reach steady state 

(Figure S2).  The smaller the ratio, the longer the time to reach steady state.  A small 

ratio is desired for integrative samplers and a high ratio for equilibrium samplers.  In 

general, low MW compounds will reach steady state the fastest and will determine 

the surface area/volume ratio needed.  The following equation can be used to 

estimate a desired surface area/volume ratio: 

SA/V = (-ln 0.5 KPDMS) / (T50 Rs-cm2 x 1000)   (2) 
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where SA/V is the desired surface area to volume ratio (cm2/cm3), and 1000 is a 

factor to account for differences in volume between cm3 and L.  This factor must be 

adjusted according to the appropriate units used in calculations.  A surface 

area/volume ratio of approximately 2 cm2/cm3 would allow sampling of all 

compounds using the linear model and a standard deployment period of two weeks.   
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Figure S1.  Relationship between amount PAH taken up into a sampler and surface area for naphthalene ( ), 
phenanthrene (∆), and benzo(ghi)perylene ( ).
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Figure S2.  Relationship between the surface area to volume ratio and the time to 
reach 50% steady state (T50) for naphthalene ( ), phenanthrene (∆), and 
benzo(ghi)perylene ( ). 



 

 

 

 

CHAPTER 4 

 

Comparison of Extraction Methods of Polycyclic Aromatic  

Hydrocarbons from Diesel Soot.   
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Abstract.  Concentrations of 44 polycyclic aromatic hydrocarbons (PAHs) and 

related heterocyclic compounds were determined for diesel particulate matter 

standard reference material 2975 from the National Institute of Standards and 

Technology (NIST DS) and for DS produced by a Volkswagen engine obtained from 

the Environmental Protection Agency (EPA DS).  Two commonly used methods of 

extracting PAHs from soils and sediments (shaker table with 1:1 

dichloromethane:acetone and ultrasonic extraction with 1:1 hexane:acetone) were 

compared to the more rigorous Soxhlet extraction with 1:6 toluene:methanol.  The 

above methods were performed with and without silica column clean up to determine 

if this further clean up step was necessary to accurately measure PAH 

concentrations in DS.  On average, measured analyte concentrations in NIST DS 

were within a factor of two of certified concentrations.  Across DS samples and for 

NIST DS, the Soxhlet extraction had the highest relative extraction recoveries 

(RERs).  However, the shaker extraction had the highest RERs for EPA DS. This 

indicates that commonly used extraction procedures for sediments are often 

adequate, and sometimes more robust, for measuring PAH concentrations in 

sediment containing DS.  The best extraction method may be different for different 

DS and sediment samples.  Overall, silica column clean up did not significantly 

improve the accuracy of the extraction methods.    
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Introduction.     

Soot materials are important to toxicologists as a source of contaminants and 

air pollution, environmental scientists as a sorbent and carrier of contaminants for 

long range transport, and global climate and meteorology as a light-absorbing 

aerosol (1).   Soot is a type of black carbon (BC) produced from the incomplete 

combustion of fluid fuels and contains high concentrations of polycyclic aromatic 

hydrocarbons (PAHs) and nitrogen and sulfur heterocyclics (2).  The origin of PAHs 

in diesel soot (DS) is mainly from the unburned PAHs in the fuel (3).  In order to 

characterize the role of soot as a source and carrier of contaminants, the 

concentration of contaminants in soot needs to be measured accurately and 

consistently.  Because soot is commonly found in soils and sediments, extraction 

methods of environmental samples, such as soil and sediment, also must be 

rigorous enough to extract the organics bound to BC (4).  

 The extraction methods used to extract organics from soot, soils, and 

sediments include 1) Soxhlet extraction (3,5-9), 2) accelerated solvent extraction 

(10), 3) ultrasonic bath extraction (7,11,12), 4) tandem mass spectrometry (13), 5) 

supercritical fluid extraction (14,15), 6) pressurized fluid extraction (PFE) (9,16), and 

Soxtec extraction (17).  The most commonly used methods are the ultrasonic bath 

and Soxhlet extraction (18).  A commonly used method to extract organics from soils 

and sediments is the shaker table extraction using 1:1 dichloromethane (DCM) 

:acetone (18-21).   
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Contaminants are often bound very tightly to soot, soils, and sediment and 

may resist extraction (22).  This results in the amount of contaminant measured in 

samples being dependent on the extraction method employed and makes it difficult 

to compare data obtained from different procedures.  Standard extraction 

procedures need to be utilized for accurate comparisons of PAH concentrations in 

different samples.   

The Soxhlet extraction is the most rigorous extraction method, typically yields 

the highest extraction recoveries, and was used for certification of PAH 

concentrations in the National Institute of Standards and Technology (NIST) 

standard reference materials (SRM) of diesel particulate (NIST SRM 1650a and 

2975) (9,22,23).  Jonker and Koelmans (5) analyzed extraction recoveries for BC 

materials and sediments using a Soxhlet extraction with various solvent systems.  A 

solvent system with of 1:6 toluene:methanol (MeOH) was identified as the best 

extraction method across BCs and sediments and DCM as the worst solvent (5).  

Recoveries were optimized when a nonpolar solvent with the ability to displace 

bound PAHs was combined with a solvent with a small molar volume (5).  Solvents 

with small molar volumes induce more swelling in soot and have access to 

contaminants in micropores. 

Hong et al. (12) used three successive ultrasonic extractions with a 1:1 

hexane:acetone mixture to extract PAHs from soils and sediments containing 

lampblack, a type of BC.  Extraction recoveries were similar to the Soxhlet extraction 

(SW-846 EPA method 9071A) for oil and grease measurements in soils and 
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sediments (12).  The Soxhlet extraction has been shown to be similar to the 

ultrasonic extraction for aged PAHs in soils as well (22). 

Extraction procedures may be evaluated based on 1) extraction recoveries, 

accuracy, and precision, 2) labor and cost, and 3) use of hazardous solvents.  

Although the Soxhlet extraction has been shown to be the most robust, 

disadvantages of this procedure exist.  For example, the time of the extraction is 

often from 8 – 24 hours and large volumes of solvent are needed (22).  Methanol 

and toluene both have a low evaporation rate and high boiling point making solvent 

exchanges more labor intensive (24).  Loss of  more volatile compounds is more 

probable with this procedure due to the high temperatures used during extraction 

(22) and the longer time it takes to exchange solvents.  The ultrasonic extraction 

uses smaller solvent volumes and has a lower extraction time but if only one 

sonication horn is available, it is still labor intensive for analysis of large numbers of 

samples.  The shaker table extraction is the simplest procedure and uses small 

solvent volumes of volatile solvents.   The overall time of the extraction is the longest 

but can be completed without constant supervision.  So even though the time of 

extraction is long, labor is minimal.  Also a large number of samples can be 

processed in a batch without significantly increasing labor or equipment.  

Dichloromethane, toluene, and MeOH are the most toxic and hexane and acetone 

the least toxic solvents used in these procedures (24).     

In this research, we compared the two commonly used methods of extracting 

PAHs from soils and sediments (shaker and ultrasonic extractions) to the more 
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rigorous Soxhlet extraction to determine if there was a significant difference in 

extraction recoveries of PAHs from DS.  The above methods were performed with 

and without silica column clean up to determine if this further clean up step was 

necessary to accurately measure PAH concentrations.  To our knowledge, this is the 

first comparison of extraction methods for DS materials analyzing a large suite of 

PAHs (44 compounds) and related heterocyclics. 

Materials and Methods. 

Materials.  Alaska North Slope crude oil was a gift from Kevin McCarthy, Battelle, 

Duxbury, MA.  Two different DS samples were used.  One was supplied by the 

Environmental Protection Agency (EPA) and was collected from a Volkswagen 

engine (referred to as EPA DS).  A SRM of diesel particulate matter from NIST was 

also extracted (SRM 2975, referred to as NIST DS).  Polycyclic aromatic 

hydrocarbons were obtained from Accustandard, New Haven, CT and deuterated 

PAHs from Crambridge Isotopes, Andover, MA.  All solvents were ultra-resi 

analyzed or HPLC grade. 

Soxhlet Extraction.  Diesel soot (0.05 g) was Soxhlet extracted with 1:6 

toluene:MeOH using a modified procedure published by Jonker and Koelmans (5).  

In contrast to Jonker and Koelmans (5), Al2O3 column clean up was not performed. 

Shaker Table Extraction.  The shaker table extraction was conducted by shaking 

(150 rpm) DS (0.05 g) overnight with 15-mL 1:1 acetone:DCM in a 50-mL Teflon 

centrifuge tube, centrifuging (3000 rpm for 30 minutes), and removing the 
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supernatant.  These steps were repeated once with 1:1 acetone:DCM and again 

with DCM with shaking for two hours.   

Ultrasonic Bath Extraction.  Ultrasonic bath extractions (referred to as the 

sonication extraction) of DS were performed following a modified EPA Method 

3550B and Hong et al.  (12).  Diesel soot was sonicated in 25 mL 1:1 

hexane:acetone (output control 4 and 50% duty cycle).  Three sequential extractions 

were performed and extracts combined. 

Silica Column Clean Up.    Extracts were exchanged to 1-mL hexane and loaded 

onto a column of 3-g activated silica and 1-cm Na2SO4.  Polycyclic aromatic 

hydrocarbons were eluted with 12-mL hexane and 15-mL 1:1 hexane:DCM using the 

method of Luellen and Shea (25).  

Experimental Design and Processing.  Each extraction was performed on six 

samples of EPA DS and NIST DS.  Silica column clean up was performed for three 

samples from each procedure to determine whether additional clean up was needed 

after extraction.  Silica column clean up was also performed on a sample of Alaska 

North Slope crude oil to verify that there was no significant loss of PAHs in the 

procedure.  All extracts were concentrated using a rotovap and/or a gentle stream of 

nitrogen, solvent exchanged into DCM, and filtered (Whatman Uniprep filter vial, 

0.45 µm, poly(tetrafluoroethylene) (PTFE) or a Whatman PTFE syringe filter, 0.45 

µm) prior to analysis. 
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Instrument Analysis and Quality Control.  Extracts were analyzed using an 

Agilent 6890 gas chromatograph equipped with electronic pressure control and an 

Agilent 5973 mass selective detector (MS-electron ionization) in selected ion 

monitoring mode.  The column was a Restek 30 m x 0.25 mm ID with 0.25 µm film 

thickness with a 5-m guard column (Rtx 5MS with Integra guard).  The initial 

temperature was 40oC ramped at 25oC/minute to 100oC, then at 5oC/minute to 

300oC, and held for 15 minutes.  This method is similar to that described by others 

(26-30).  Quantitation of 44 PAHs was based on four or five point calibration curves 

with relative standard deviations of less than 25% and benzo[a]pyrene-d12 and 

phenanthrene-d10 recovery internal standards. 

Procedural blanks were completed for all samples.  No significant 

contamination of PAHs occurred.  Surrogate internal standards (SIS) (naphthalene-

d8, acenaphthene-d10, chrysene-d12, and perylene-d12) were added to all samples, 

prior to extraction, to monitor recoveries in samples (available in supporting 

information).  Average SIS recoveries were 48%, 77%, 60%, and 38% for 

naphthalene-d8, acenaphthene-d10, chrysene-d12, and Perylene-d12, respectively.  

Analyte concentrations were recovery corrected based on the SIS occurring closest 

to the compound in the chromatogram.  Recovery of SIS after silica clean up was 

very good and ranged from 66 – 93%.   
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Results and Discussion. 

Extraction Methods.  Table 1 gives a summary of the results for the various 

extraction procedures.  Relative extraction recoveries (RERs) were calculated as the 

analyte concentration measured in that extraction procedure divided by the highest 

analyte concentration measured for that analyte.  These values were averaged 

across analytes (44 PAHs) for each procedure.  For NIST DS, the highest RERs 

occurred with the Soxhlet extraction (average for all PAHs 78%).  The other 

extraction procedures had significantly lower RERs, especially for the low MW 

PAHs.  The average RER for the shaker and sonication extraction was 45% and 

33%, respectively.  This is consistent with what has been reported by other 

researchers as the most robust extraction procedure (5). 

On the other hand, for EPA DS the shaker extraction yielded the highest 

RERs, followed by the sonication, and Soxhlet.  For the high MW PAHs, all RERs 

were above 79%, indicating that these procedures would all yield similar results.  

However, for the low MW PAHs, RERs for the sonication and Soxhlet were less than 

40% and would significantly underestimate PAH concentrations.  Dichloromethane 

may have achieved higher recoveries for the low MW PAHs due to its increased 

polarity and may be a better solvent for these PAHs.  The discrepancy in different 

extraction procedures being optimal for different samples has occurred for other 

researchers (5,18).  For example, Jonker and Koelmans (5) observed the best 

extracting solvent for four different sediments was different for each sediment.   



 138

Variation.  Coefficients of variation (CV) of the extraction procedure for NIST DS 

were much higher (ranged from 11-37%) than CV’s for EPA DS (ranged from 6-

16%) (Table 2).  However, standard deviations were much lower for NIST DS (0.3 - 

6 µg/g compared to 5 – 25 µg/g).  This is due to the fact that NIST DS had lower 

concentrations of PAHs compared to EPA DS and indicates that PAH concentrations 

were more variable for the NIST DS.  For NIST DS, the most precise extraction 

procedure was the sonication extraction.  However, for EPA DS the most precise 

procedure was the Soxhlet + Silica extraction.   

 Forty-four PAH analytes were measured in 36 total extractions (Table 3 and 

4).  For NIST DS the analytes with the most variable concentrations (mean CV 

>40%) were AC, 1MF, F2, F3, D1, D3, and P4 (abbreviations for analytes are listed 

in Table 3).  All other mean CVs were less than 40% and on average 25%.  These 

analytes were either at low concentrations or were alkylated.  For EPA DS, the 

variability in analytes was less than 16% and on average 10%.  The lower variability 

for EPA DS is again most likely due to higher PAH concentrations. 

Silica column clean up.  Results from the silica clean up are shown for EPA DS 

(Table 4).  Results were similar for the NIST DS extractions.  Concentrations of 

PAHs in ANS crude oil were compared with and without silica column clean up 

(Table 5).  There was virtually no difference in PAH concentrations, indicating that 

silica clean up did not result in loss of PAHs.  However, when extraction methods for 

EPA DS were compared with and without silica clean up some loss of analytes 

occurred.  Analytes with a greater than 25% decrease in concentrations included 
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2MN, 1MN, BI, AY, N1, N2, N4, F1, F2, F3, D, D1, D2, D3, AN, P4, and C2.  The 

analytes with the greatest change (ratio > 2) include AY, F2, F3, AN, P4, and C2, 

with ratios of no silica/silica at 40.85, 6.33, 6.63, 3.87, 3.45, and 2.88 respectively.  

The extraction procedure with the greatest decrease in concentrations with silica 

clean up was the shaker extraction.  Coefficients of variation slightly decreased with 

silica clean up for the shaker extractions (on average 7%) and Soxhlet (on average 

1%) but were not consistently lower for the sonication extraction. 

 The difference in PAH concentrations seen with and without silica clean could 

be due to 1) loss of PAHs in solvent exchanges,  2) removal of interfering 

compounds resulting in more accurate concentrations, or 3) loss of PAHs in silica 

clean up.  Loss of PAHs due to more solvent exchanges is unlikely as PAH 

concentrations were recovery corrected.  Loss of PAHs due to silica clean up is also 

unlikely as concentrations in ANS crude oil saw no significant difference with and 

without silica clean up.  Removal of interfering compounds should not change the 

PAH concentrations measured, but give a cleaner chromatogram.  However, due to 

the decreased variation, accuracy of data may have been improved.  More research 

is needed to identify the source of changes in PAH concentrations due to silica 

column clean up.   

This data suggests that silica clean up may result in more accurate 

measurement of PAH concentrations for AY, F2, F3, AN, P4, and C2.  Overall, when 

analysis is performed for 44 PAHs this improvement is relatively small for the 

increased labor involved in performing silica clean up.  Also, some loss of PAHs 
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occurred with the increased number of solvent exchanges, indicating silica clean up 

would increase error, especially if recovery correction is not performed (Table S1).  

Further, analysis of alkylated PAHs is seldom performed and would leave 

improvement in the measurement of AY and AN only.  The decision on whether or 

not to perform silica column clean up would need to be made based on 1) the 

accuracy of the data necessary and 2) the analytes of interest in the extraction 

procedures.  Due to the uncertainty as to whether or not lower PAH concentrations 

were due to loss or removal of interfering compounds, the extractions performed 

without silica clean up were considered the most accurate. 

Accuracy.  The accuracy of the extraction procedures can be evaluated by 

comparing the results from measured PAH concentrations to certified 

concentrations.  Table 6 shows the ratio of PAH concentrations measured versus 

certified PAH concentrations.  Certified concentrations were obtained using more 

than one extraction method and are the mean of the means from different extraction 

procedures.  The methods used for these extractions include PFE with 

toluene:MeOH, PFE with DCM, and Soxhlet with DCM.  Overall, measured PAH 

concentrations were higher than certified concentrations for analytes PH through 

BeP and low for analytes IN through CO (Table 6).  The average ratio of measured 

versus certified concentrations was within a factor of 2 when the highest outliers (AN 

and DahA) were removed at 1.24, 1.16, and 1.81 for the shaker, sonication, and 

Soxhlet, respectively.  Overall this shows a good agreement with the certified values.  

Jonker and Koelmans (5) reported that AN and DahA had the highest standard 
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deviations for soot samples and were considered to be the most heterogeneously 

distributed among samples.  Also, in the results shown, silica clean up was not 

performed.  Silica clean up resulted in significantly lower measurements of AN.  

Clean up of extracts was performed for the certified concentrations using solid phase 

extraction and may have reduced measured AN concentrations (9).  

Molar Volume.  Jonker and Koelmans (5) reported that extraction RERs had an 

inverse relationship to the solvent molar volume of the extracting solvent paired with 

an aromatic solvent strong enough to displace target chemicals.  For NIST DS, there 

was a linear relationship between the solvent molar volume and RER (Figure 1).  

However, for EPA DS this relationship was not present.  Pores in EPA DS may be 

more accessible to larger solvents. 

Implications.  As reported by Jonker and Koelmans (5) the Soxhlet extraction with 

toluene:MeOH was the best extraction method across DS samples.  However, 

extractions for EPA DS (highest RERs occurred for the shaker extraction) indicate 

that other commonly used extraction procedures for sediments would often be 

adequate, and sometimes more robust, for the measurement of  PAH concentrations 

in sediment containing DS.  Results would depend on the type of BC material in the 

sediment.  A comparison of relative extraction recoveries of sediment samples with 

various amount and types of BC added would yield more conclusive results.   A 

shaker table extraction with toluene or DCM paired with MeOH has the potential for 

a less labor intensive extraction with reduced possibilities for the loss of low MW 

PAHs present with heating in the Soxhlet extraction.  More research in this area 
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would be beneficial.  Silica column clean up did show a significant difference for 

some PAH analytes, mainly AY and AN, but did not significantly change results for 

most analytes.   

Acknowledgement.  The authors thank Pete Lazaro for technical assistance. 

Supporting Information Available.  Surrogate internal standard recoveries and 

selected solvent properties are available in supporting information. 

  



 143

References 

 

(1) Penner, J. E.; Eddleman, H. Atmos Environ 1993, 27A, 1277-1295. 

(2) Rivin, D. Health effects of carbon black. In Carbon Black: Science and 
Technology; Second ed.; Donnet, J. B., Bansal, R. C., Wang, M. J., Eds.; Marcel 
Dekker, Inc.: New York, 1993; pp 423-430. 

(3) Mi, H.-H.; Lee, W.-J.; Chen, C.-B.; Yang, H.-H.; Wu, S.-J. Chemosphere 
2000, 41, 1783-1790. 

(4) Bandh, C.; Bjorklund, E.; Mathiasson, L.; Naf, C.; Zebuhr, Y. Environ Sci 
Technol 2000, 34, 4995-5000. 

(5) Jonker, M. T. O.; Koelmans, A. A. Environ Sci Technol 2002, 36, 4107-4113. 

(6) May, W. E.; Wise, S. A. Anal Chem 1984, 56, 225-232. 

(7) Junk, G. A.; Richard, J. J. Anal Chem 1986, 58, 962-965. 

(8) Stanley, T. W.; Meeker, J. E.; Morgan, M. J. Environ Sci Technol 1967, 1, 
927-931. 

(9) "Certificate of Analysis: Standard Reference Material 2975, Diesel Particulate 
Matter (Industrial Forklift)," National Institute of Standards and Technology, 2000. 

(10) Lombaert, L. l. M. K.; Maleissye, J. T. d.; Amouroux, J. Int J Engine Research 
2001, 3, 103-114. 

(11) Fernandes, M. B.; Brooks, P. Chemosphere 2003, 53, 447-458. 

(12) Hong, L.; Ghosh, U.; Mahajan, T.; Zare, R. N.; Luthy, R. G. Environ Sci 
Technol 2003, 37, 3625-3634. 



 144

(13) Reilly, P. T. A.; Gieray, R. A.; Whitten, W. B.; Ramsey, J. M. Environ Sci 
Technol 1996, 32, 2672-2679. 

(14) Yang, Y.; Gharaibeh, A.; Hawthorne, S. B.; Miller, D. J. Anal Chem 1995, 67, 
641-646. 

(15) Langenfeld, J. J.; Hawthorne, S. B.; Miller, D. J.; Pawliszyn, J. Anal Chem 
1993, 65, 338-344. 

(16) Schantz, M. M.; Nichols, J. J.; Wise, S. A. Anal Chem 1997, 69, 4210-4219. 

(17) Gotze, H. J.; Schneider, J.; Herzog, H. G. Fresenius J. Anal Chem 1991, 340, 
27. 

(18) Song, Y. F.; Jing, X.; Fleischmann, S.; Wilke, B. M. Chemosphere 2002, 48, 
993-1001. 

(19) White, K.; Heltsley, R.; Shea, D. Uptake kinetics of PAHs into 
Poly(dimethylsiloxane) integrative samplers from water:  An alternative passive 
sampling device. In Ph.D. Dissertation.  Bioavailability of Polycyclic Aromatic 
Hydrocarbons in the Aquatic Environment.; North Carolina State University: Raleigh, 
2005; pp 85-126. 

(20) Heltsley, R. M. Novel Methods for Monitoring Chlorinated Contaminants in 
Aquatic Environments; North Carolina State University: Raleigh, 2004. 

(21) Thorsen, W. A.; Cope, W. G.; Shea, D. Environ Sci Technol 2004, 38, 2029-
2037. 

(22) Guerin, T. F. J Environ Monit 1999, 1, 63-67. 

(23) "Certificate of Analysis:  Standard Reference Material 1650," National Institute 
of Standards and Technology, 1998. 

(24) Smallwood, I. M. Handbook of Organic Solvent Properties; John Wiley & 
Sons Inc.: New York, 1996. 



 145

(25) Luellen, D. R.; Shea, D. Environ Sci Technol 2002, 36, 1791-1797. 

(26) Page, D. S.; Boehm, P. D.; Douglas, G. S.; Bence, A. E. In Exxon Valdez Oil 
Spill:  Fate and Effects in Alaskan Waters; Wells, P. G., Butler, J. N., Hughes, J. S., 
Eds.; ASTM, 1995; pp 41-83. 

(27) Douglas, G. S.; Bence, A. E.; Prince, R. C.; McMillen, S. J.; Butler, E. L. 
Environ Sci Technol 1996, 30, 2332-2339. 

(28) Burns, W. A.; Mankiewicz, P. J.; Bence, A. E.; Page, D. S.; Parker, K. R. 
Environ Toxicol Chem 1997, 16, 1119-1131. 

(29) Stout, S. A.; Uhler, A. D.; McCarthy, K. J. Environ Forensics 2001, 2, 87-98. 

(30) Douglas, G. S.; Burns, W. A.; Bence, A. E.; Page, D. S.; Boehm, P. Environ 
Sci Technol 1998, 38, 3958-3964. 
 



 146

NIST DS
y = -1.3627x + 133.27

R2 = 0.998
20

30

40

50

60

70

80

90

30 40 50 60 70 80

Molar Volume of Solvent (cm3/mol)

R
el

at
iv

e 
Ex

tr
ac

tio
n 

R
ec

ov
er

y 
(%

)

 
 
Figure 1.  Relationship between the mean relative extraction recoveries and molar volume of the smallest solvent 
used in each extraction method for NIST DS and EPA DS. 
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NIST DS
Low MW PAHs 43 ± 36 20 ± 22 77 ± 26
High MW PAHs 49 ± 27 57 ± 31 82 ± 18
All PAHs 45 ± 33 33 ± 31 78 ± 24

EPA DS
Low MW PAHs 56 ± 45 39 ± 33 44 ± 37
High MW PAHs 94 ± 12 91 ± 10 79 ± 16
All PAHs 69 ± 41 57 ± 37 56 ± 35

Table 1.  Relative extraction recoveries (%)a of extraction methods.

Shaker Soxhlet

a Relative extraction recoveries (RER) are averaged values for
PAHs with standard deviations and are relative values as
compared to the method with the highest concentrations measured.
Bold values show the method with the highest RER (no
statitistical difference if two values are bold).  b Low molecular 

Sonication

weight (MW) PAHs include N - P4 (MW of parent PAH < 200).  
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Extraction Method

Mean SDa (µg/g) CV (%)b Mean SDa (µg/g) CV (%)b

Shaker 1.99 25 25.52 16
Sonication 0.27 11 11.05 11
Soxhlet 5.68 30 6.98 7
Shaker + Silica 0.58 18 5.08 9
Sonication + Silica 0.74 22 5.16 9
Soxhlet + Silica 4.76 37 4.65 6
a Mean standard deviation for each analyte.  b Coefficient of variation is the standard deviation / 
mean value.

Table 2.  Mean standard deviation (µg/g)a and coefficient of variationb for each extraction 
method.

NIST DS SRM 2975 EPA DS
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Analyte Abbrevb

Naphthalene N 8.00 ± 8.22 1.49 ± 0.08 124.33 ± 21.29
2-Methylnaphthalene 2MN 1.74 ± 0.18 1.85 ± 0.06 78.65 ± 23.65
1-Methylnaphthalene 1MN 0.83 ± 0.01 1.07 ± 0.03 38.95 ± 11.51
Biphenyl BI 0.42 ± 0.10 0.56 ± 0.02 17.04 ± 4.15
2,6-Dimethylnaphthalene DMN 3.73 ± 1.48 1.20 ± 0.04 27.50 ± 6.34
Acenaphthylene AY 0.64 ± 0.08 0.54 ± 0.10 0.23 ± 0.10
Acenaphthene AC nd nd 0.12 ± 0.20
Dibenzofuran DF 0.99 ± 0.21 0.56 ± 0.01 0.93 ± 0.06
2,3,5-Trimethylnaphthalene TMN 2.66 ± 1.21 0.18 ± 0.01 5.27 ± 1.04
C1 - Naphthalenes N1 2.54 ± 0.23 1.81 ± 0.05 114.85 ± 33.95
C2 - Naphthalenes N2 10.54 ± 4.10 2.90 ± 0.03 92.75 ± 19.68
C3 - Naphthalenes N3 21.66 ± 10.38 1.43 ± 0.22 52.70 ± 9.16
C4 - Naphthalenes N4 15.54 ± 8.93 0.00 ± 0.00 17.41 ± 3.83
Fluorene F 0.24 ± 0.10 0.06 ± 0.02 11.20 ± 1.75
1-Methylfluorene 1MF nd nd 4.67 ± 1.18
C1 - Fluorenes F1 nd nd 17.30 ± 4.05
C2 - Fluorenes F2 8.87 ± 3.08 0.00 ± 0.00 17.47 ± 2.77
C3 - Fluorenes F3 24.62 ± 9.76 14.36 ± 0.43 37.99 ± 7.59
Dibenzothiophene D 2.07 ± 0.72 0.83 ± 0.13 1.84 ± 0.28
C1 - Dibenzothiophene D1 8.65 ± 1.92 2.31 ± 0.41 2.74 ± 0.88
C2 - Dibenzothiophene D2 7.32 ± 2.32 3.79 ± 0.43 3.99 ± 0.34
C3 - Dibenzothiophene D3 11.87 ± 3.52 3.57 ± 0.75 29.32 ± 37.81
Phenanthrene PH 27.85 ± 9.27 16.64 ± 0.43 36.09 ± 5.23 17.00 ± 2.80
Anthracene AN 0.50 ± 0.05 0.21 ± 0.02 0.47 ± 0.17 0.04 ± 0.01
1-Methylphenanthrene 1MP 1.39 ± 0.46 0.79 ± 0.01 2.60 ± 0.69 0.89 ± 0.11
C1 - Phenanthrenes/Anthracenes P1 9.46 ± 3.16 4.98 ± 0.16 18.24 ± 3.39 4.33 ± 0.60
C2 - Phenanthrenes/Anthracenes P2 3.75 ± 1.04 2.15 ± 0.24 9.47 ± 1.23 1.34 ± 0.26
C3 - Phenanthrenes/Anthracenes P3 5.11 ± 1.86 1.90 ± 0.42 6.06 ± 4.40
C4 - Phenanthrenes/Anthracenes P4 4.41 ± 2.13 0.00 ± 0.00 16.91 ± 22.95
Table 3 continued on next page.

Table 3.  Concentrationsa (mass fraction in µg/g dry weight) of PAHs in SRM 2975 diesel particulate matter determined 
using different extraction methods.

Soxhlete
Certified or 
ReferencefSonicationdShakerc
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Table 3. (continued)

Analyte Abbrevb

Fluoranthene FL 37.79 ± 1.74 37.44 ± 2.50 31.91 ± 1.37 26.60 ± 5.10
Pyrene PY 1.12 ± 0.19 0.91 ± 0.05 1.95 ± 0.06 0.90 ± 0.24
C1 - Fluoranthenes/Pyrenes FP1 1.08 ± 0.23 1.08 ± 0.11 1.55 ± 0.16 0.18 ± 0.04
Benz[a]anthracene BaA 0.27 ± 0.03 0.21 ± 0.02 0.67 ± 0.10 0.32 ± 0.07
Chrysene C 10.19 ± 0.05 8.81 ± 0.59 11.61 ± 1.35 4.56 ± 0.16
C1 - Chrysenes C1 nd 0.55 ± 0.11 0.40 ± 0.05
C2 - Chrysenes C2 nd nd nd
Benzo[b]fluoranthene BbF 14.77 ± 1.11 16.19 ± 1.98 15.96 ± 1.87 11.50 ± 3.60
Benzo[k]fluoranthene BkF 1.75 ± 0.04 1.95 ± 0.22 2.17 ± 0.20 0.68 ± 0.08
Benzo[e]pyrene BeP 1.41 ± 0.05 1.15 ± 0.12 2.18 ± 0.27 1.11 ± 0.10
Benzo[a]pyrene BaP nd nd nd 0.05 ± 0.01
Perylene PE nd nd nd 0.05 ± 0.05
Indeno[1,2,3-cd]pyrene IN 0.34 ± 0.01 1.64 ± 0.16 0.64 ± 0.12 1.40 ± 1.40
Dibenz[a,h,]anthracene DahA 0.11 ± 0.00 0.10 ± 0.01 37.60 ± 10.43 0.52 ± 0.52
Benzo[g,h,i]perylene BghiP 0.13 ± 0.01 0.13 ± 0.02 0.50 ± 0.11 0.50 ± 0.04
Coronene CO 0.24 ± 0.02 0.35 ± 0.11 0.77 ± 0.25 1.10 ± 0.20
Sum 254.63 ± 78.01 135.66 ± 10.10 894.98 ± 246.02 73.07 ± 15.39

Table 3.  Concentrationsa (mass fraction in µg/g dry weight) of PAHs in SRM 2975 diesel particulate matter determined 
using different extraction methods.

Shakerc

with 1:1 DCM:acetone on a shaker table.  d Extracted with 1:1 hexane:acetone using ultra-sonication.  e Extracted with
1:6 toluene:MeOH and a Soxhlet extraction.  f Certified or reference concentration from "Certificate of Analysis:  Standard
Reference Material 2975 Diesel Particulate Matter," National Institute of Standards and Technology, 2000.

Sonicationd Soxhlete
Certified or 
Referencef

a Mean ± standard deviation shown with three samples extracted for each technique.  b Abbreviation for each analyte.  c Extracted
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Abbrevb

N 4.05 ± 0.41 3.74 ± 0.93 2.98 ± 0.19 2.87 ± 0.83 3.95 ± 0.52 4.09 ± 0.06
2MN 8.44 ± 1.24 4.62 ± 0.46 7.48 ± 0.46 3.94 ± 0.47 9.58 ± 0.92 11.36 ± 0.82
1MN 6.39 ± 0.93 3.62 ± 0.50 6.15 ± 0.33 3.17 ± 0.42 6.94 ± 0.64 8.21 ± 0.79

BI 4.36 ± 0.67 2.61 ± 0.08 3.66 ± 0.27 2.19 ± 0.18 5.61 ± 0.53 7.16 ± 1.04
DMN 16.32 ± 3.44 10.58 ± 0.55 14.61 ± 0.92 9.18 ± 0.51 19.10 ± 1.56 25.94 ± 3.96
AY 58.72 ± 5.71 0.51 ± 0.10 1.38 ± 0.12 0.39 ± 0.08 3.87 ± 0.39 0.97 ± 0.18
AC 0.12 ± 0.04 0.80 ± 0.17 0.10 ± 0.01 0.05 ± 0.00 0.08 ± 0.00 1.03 ± 0.04
DF 9.04 ± 0.41 7.62 ± 0.63 6.71 ± 0.31 6.30 ± 0.44 8.49 ± 0.42 8.68 ± 0.25

TMN 21.36 ± 4.71 17.54 ± 0.44 16.23 ± 0.70 15.58 ± 0.54 16.37 ± 0.89 17.28 ± 0.38
N1 14.59 ± 2.13 8.22 ± 0.98 10.07 ± 0.50 7.03 ± 0.89 9.17 ± 0.36 8.24 ± 0.55
N2 72.14 ± 13.42 51.37 ± 2.73 52.78 ± 2.28 44.36 ± 2.58 49.73 ± 1.85 50.30 ± 1.48
N3 140.78 ± 32.34 116.20 ± 1.59 106.66 ± 4.88 102.20 ± 4.39 108.76 ± 5.83 112.36 ± 1.06
N4 137.24 ± 32.41 87.36 ± 2.30 88.06 ± 7.52 79.39 ± 8.62 78.51 ± 6.65 89.87 ± 3.79
F 2.50 ± 0.63 2.28 ± 0.27 1.75 ± 0.10 1.90 ± 0.18 3.49 ± 0.59 2.54 ± 0.12

1MF 2.61 ± 0.74 2.42 ± 0.33 1.87 ± 0.25 1.98 ± 0.23 2.64 ± 0.38 2.53 ± 0.12
F1 7.36 ± 1.68 5.47 ± 0.51 5.08 ± 0.76 4.83 ± 0.19 6.08 ± 1.06 6.11 ± 0.45
F2 107.68 ± 24.03 12.84 ± 1.60 69.41 ± 4.47 13.11 ± 1.52 74.76 ± 3.54 14.15 ± 0.51
F3 459.92 ± 97.29 66.97 ± 4.36 345.79 ± 31.69 0.00 ± 0.00 378.86 ± 30.27 59.29 ± 1.69
D 39.26 ± 9.06 21.88 ± 1.21 29.50 ± 1.72 20.85 ± 2.86 29.98 ± 1.86 23.84 ± 1.60
D1 115.20 ± 24.26 74.21 ± 3.27 22.91 ± 6.20 68.23 ± 2.27 96.71 ± 7.46 76.68 ± 3.21
D2 223.58 ± 45.84 138.17 ± 6.47 178.01 ± 16.36 116.24 ± 5.54 182.87 ± 16.18 138.28 ± 1.18
D3 211.14 ± 56.66 95.37 ± 5.18 130.95 ± 20.50 83.23 ± 5.46 149.33 ± 17.06 100.70 ± 4.22
PH 454.57 ± 104.23 414.95 ± 26.14 348.78 ± 18.51 402.45 ± 39.05 389.55 ± 24.16 427.07 ± 11.00
AN 15.96 ± 1.83 3.64 ± 0.85 12.21 ± 0.69 2.48 ± 0.25 12.40 ± 0.89 5.38 ± 0.30

1MP 136.23 ± 31.56 126.22 ± 6.35 107.21 ± 5.58 111.51 ± 2.90 114.53 ± 7.40 125.57 ± 3.99
P1 882.09 ± 173.41 760.73 ± 46.36 652.76 ± 38.36 699.11 ± 37.30 711.66 ± 41.73 778.68 ± 34.73
P2 903.04 ± 203.17 788.30 ± 46.38 684.54 ± 25.69 726.31 ± 45.86 729.89 ± 41.20 811.58 ± 49.12
P3 384.77 ± 99.16 326.42 ± 15.19 289.23 ± 21.31 293.05 ± 2.62 310.22 ± 25.17 322.06 ± 22.37
P4 189.69 ± 35.64 30.04 ± 6.43 80.71 ± 4.79 34.68 ± 8.69 60.88 ± 7.72 35.48 ± 2.27

Table 4 continued on next page.

Shakerc
Sonication + 

Silicad

Table 4.  Concentrationsa (mass fraction in µg/g dry weight) of PAHs in EPA diesel soot determined using different extraction 
methods.

Sonicatione Soxhletf Soxhlet + SilicadShaker + Silicad
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Table 4. (Continued)

Abbrevb

FL 868.24 ± 86.80 759.82 ± 16.87 762.63 ± 37.17 695.59 ± 26.37 721.89 ± 38.84 720.86 ± 24.59
PY 894.08 ± 90.34 771.82 ± 14.73 779.31 ± 36.89 710.59 ± 21.60 724.49 ± 34.58 722.45 ± 23.67
FP1 223.49 ± 23.51 183.85 ± 6.68 186.81 ± 7.14 169.94 ± 8.48 179.74 ± 9.43 174.51 ± 8.58
BaA 85.45 ± 8.70 83.65 ± 1.90 79.61 ± 3.64 73.00 ± 2.77 86.83 ± 2.69 84.68 ± 1.73

C 147.43 ± 13.73 149.50 ± 5.21 139.95 ± 5.05 133.15 ± 3.36 146.36 ± 3.94 146.92 ± 3.45
C1 53.84 ± 7.48 50.93 ± 2.27 51.46 ± 3.78 43.09 ± 2.72 30.05 ± 1.18 29.92 ± 0.93
C2 32.56 ± 2.41 10.94 ± 2.76 26.43 ± 1.28 9.84 ± 2.34 17.14 ± 1.64 5.74 ± 1.09

BbF 128.36 ± 15.11 119.98 ± 10.81 126.37 ± 15.66 95.19 ± 4.31 91.72 ± 3.71 89.36 ± 6.40
BkF 113.64 ± 12.18 112.23 ± 5.58 116.84 ± 6.80 90.48 ± 6.34 82.46 ± 2.61 81.84 ± 3.74
BeP 100.34 ± 11.48 95.55 ± 3.93 101.99 ± 7.51 81.11 ± 3.45 73.65 ± 2.61 74.16 ± 1.78
BaP 12.13 ± 1.52 11.25 ± 0.52 10.82 ± 0.51 9.62 ± 0.85 8.64 ± 0.09 8.54 ± 0.18
PE 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 ±
IN 33.27 ± 2.43 16.36 ± 0.54 20.70 ± 1.85 16.46 ± 0.71 19.11 ± 0.99 18.94 ± 1.68

DahA 4.05 ± 0.22 3.26 ± 0.27 4.71 ± 0.34 2.98 ± 0.25 4.27 ± 0.19 4.20 ± 0.55
BghiP 30.64 ± 1.28 25.41 ± 0.93 35.92 ± 2.73 28.25 ± 0.96 37.96 ± 1.51 34.93 ± 3.57

CO 3.49 ± 0.39 2.20 ± 0.41 4.87 ± 0.58 3.90 ± 0.60 6.17 ± 0.26 4.54 ± 0.78
Sum 7360.17 ± 1284.66 5581.44 ± 255.73 5726.03 ± 346.38 5019.80 ± 259.96 5804.48 ± 351.50 5476.97 ± 234.02

Sonication + 
Silicad Soxhletf Soxhlet + Silicad

with 1:1 DCM:acetone on a shaker table.  d Extracted using the specified technique and with silica column clean-up performed.
e Extracted with 1:1 hexane:acetone using ultra-sonication. f Extracted with 1:6 toluene:MeOH and a Soxhlet extraction.

a Mean ± standard deviation shown with three samples extracted for each technique.  b Abbreviation for each analyte.  c Extracted

Table 4.  Concentrationsa (mass fraction in µg/g dry weight) of PAHs in EPA diesel soot determined using different extraction 
methods.

Shakerc Shaker + Silicad Sonicatione
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Analytea No Silicab With Silicac
Ratio of No Silica/ 

With Silicad Analytea No Silicab With Silicac
Ratio of No Silica/ 

With Silicad

N 409.97 384.88 1.07 AN 1.34 1.65 0.81
2MN 855.24 805.88 1.06 1MP 104.29 99.77 1.05
1MN 636.44 598.60 1.06 P1 459.19 449.58 1.02
BI 125.00 115.65 1.08 P2 545.23 504.97 1.08
DMN 516.16 471.74 1.09 P3 398.91 383.35 1.04
AY 9.69 13.06 0.74 P4 62.56 69.37 0.90
AC 5.39 5.73 0.94 FL 2.32 1.95 1.19
DF 31.43 33.64 0.93 PY 6.02 5.09 1.18
TMN 155.73 168.15 0.93 FP1 44.16 42.45 1.04
N1 1215.32 1368.57 0.89 BaA 2.45 3.13 0.78
N2 1893.51 1965.55 0.96 C 25.77 24.67 1.04
N3 1458.25 1556.93 0.94 C1 43.44 42.99 1.01
N4 586.12 583.03 1.01 C2 43.51 39.51 1.10
F 70.52 73.98 0.95 BbF 2.45 2.32 1.06
1MF 100.55 101.80 0.99 BkF 0.82 nd
F1 188.30 199.25 0.95 BeP 4.64 4.61 1.01
F2 258.83 328.14 0.79 BaP
F3 267.14 241.19 1.11 PE
D 95.47 136.96 0.70 IN
D1 200.55 277.28 0.72 DahA
D2 283.94 380.82 0.75 BghiP
D3 234.60 335.00 0.70 CO
PH 146.40 149.38 0.98 Sum 9744.54 10295.21 0.95

nd

Table 5.  Comparison of PAH concentrations (µg/L) in Alaska North Slope crude oil with and without silica 
column clean up.

nd
nd
nd

silica column clean up. nd = not detected.

nd
nd

a Abbreviation are defined in Table 2. Concentrations were measured for diluted Alaska North Slope crude oil bwithout 
silica column clean up performed and cwith silica column clean up.  d The ratio of PAH concentrations without/with 
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Analytea Shaker Sonication Soxhlet
PH 1.64 0.98 2.12
AN 13.08 5.49 12.37
1MP 1.57 0.89 2.92
FL 1.42 1.41 1.20
PY 1.24 1.01 2.16
BaA 0.86 0.66 2.12
C 2.24 1.93 2.55
BbF 1.28 1.41 1.39
BkF 2.59 2.88 3.20
BeP 1.27 1.03 1.96
IN 0.25 1.17 0.46
DahA 0.21 0.18 72.31
BghiP 0.27 0.26 1.00
CO 0.22 0.31 0.70
Mean 2.01 1.40 7.60

Table 6. Ratio of measured PAH concentrations 
versus certified PAH concentration in NIST SRM 
2975 for different extraction methods.

a Abbreviations defined in Table 2.   
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Supporting Information. 
 
 

Extraction Method
Shaker 0.56 ± 0.40 0.71 ± 0.27 0.60 ± 0.07 0.32 ± 0.09
Sonication 0.65 ± 0.24 0.92 ± 0.24 0.59 ± 0.17 0.28 ± 0.17
Soxhlet 0.43 ± 0.24 0.78 ± 0.37 0.77 ± 0.07 0.67 ± 0.22
Shaker + Silica 0.39 ± 0.12 0.74 ± 0.13 0.52 ± 0.18 0.27 ± 0.16
Sonication + Silica 0.35 ± 0.11 0.66 ± 0.16 0.42 ± 0.17 0.22 ± 0.18
Soxhlet + Silica 0.25 ± 0.19 0.65 ± 0.36 0.74 ± 0.04 0.66 ± 0.18

Ratio of amount added/Amount measured

Table S1.  Summary of surrogate internal standard recoveries (mean ± standard deviation) for different 
extraction methods.

Naphthalene - d8 Acenaphthene - d10 Chrysene - d12 Perylene - d12

 
 
 

Solvent

Molecular 
Weight 
(g/mol)

Density 
(g/mL)

Molar 
Volume 

(cm3 /mol)
Evaporation 

Rateb
Boiling 

Temp (oC)
Permissable 

Exposure Limitc Hazards
Acetone 58 0.79 73.40 6 56 1000
Dichloromethane 85 1.33 64.50 28 40 25 teratogen, carcinogen, mutagen
Hexane 86 0.65 130.50 8 69 500
Methanol 32 0.79 40.40 4 64 200 teratogen
Toluene 92 0.87 106.85 2 111 200 teratogen

Table S2.  Properties of solventsa used in extraction procedures.

a Smallwood, I. M. Handbook of Organic Solvent Properties ; John Wiley & Sons Inc.: New York, 1996. b Evaporation rate based on a butyl 
acetate scale.  c Permissable exposure limit from OSHA for an 8 hour work shift.  
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CHAPTER 5 

 

Review of Fractionation Experiments of Soils and Sediments and  

Their Implications on the Factors Affecting Bioavailability of  

Polycyclic Aromatic Hydrocarbons. 
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Introduction 

Anthropogenic polycyclic aromatic hydrocarbons (PAHs) are ubiquitous in the 

environment and have been shown to elicit acute and chronic toxicity in humans (1) 

and other organisms (2-4).  Therefore, it is important to monitor environmental 

concentrations of PAHs.   Toxicologically, we are concerned not only with the total 

PAH concentration but with that fraction of PAH that is available to partition into an 

organism (the bioavailable fraction) because it is this fraction that constitutes 

exposure and may exert toxicity.  Characteristics of soils and sediment will 

determine the bioavailability of contaminants. 

Research has examined the characteristics of sediment in relation to 

bioavailability using a number of different methods.  Many studies fractionated 

sediment into different compartments and characterized those compartments.  Then 

examined the effect of each compartment and compartment characteristics on 

bioavailability or measurements assumed to correlate with bioavailability such as 

concentration of PAH, desorption, diffusivity, biodegradation, and partition 

coefficients.  Correlation statistics and linear regressions were then utilized to see 

which characteristics had the highest correlation to the dependent variable 

(bioavailability).  This review summarizes the findings of these studies, as well as, 

other relevant literature. 
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Grain Size  

 Grain size can be divided into coarse (2000 - 250 µm), fine sand (250 - 20 

µm),  silt (20 - 2 µm), and clay (<2 µm) fractions (5,6).  However, most studies that 

have fractionated sediments vary with the different fractions analyzed (Table 1).  

Surface area is expected to increase with decreasing grain size but the porosity of 

the grain may confound this assumption.  Organic carbon (OC) content and 

aromaticity has been shown to increase with decreasing grain size and C/N ratios 

tend to increase with grain size (6).   

Muller et al. (6) measured PAH distribution in different size fractions and 

floatables of soils from 10 urban sites (Table 1).  A general trend of increasing 

concentrations of PAHs with decreasing grain size was present but not significant.  

The sum of PAHs decreased with increasing grain size on the order floatables > silt, 

clay > fine sand > coarse sand.  Low molecular weight (MW) PAHs (MW <203 g/mol, 

pyrene and lower) increased in concentration with increasing grain size along with 

the C/N ratio and were lowest in the floatable fraction.  This trend was also 

supported by Prahl and Carpenter (7) who found that petrogenic PAHs were 

enriched in the sand fraction of sediment at two sites.  Muller et al. (6) speculated 

that the low MW PAHs were degraded along with organic matter and were thus 

depleted in the finer fractions that contained a more degraded OC.   

Rockne et al. (8) analyzed PAH distribution, partition coefficients, and 

desorption at two sites differing in the presence of fresh plant material; Piles creek 
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(PC) sediment ran through a salt marsh with abundant vegetation while Newton 

Creek (NC) had little vegetation.  They fractionated sediment into size and density 

fractions and extensively characterized each fraction and whole sediment.  Particle 

diameter correlated with PAH concentration at the NC site (95% confidence interval) 

but not for PC sediment.  Unexpectedly higher concentrations of PAHs were found in 

the largest size fraction at both sites.   

Shor et al. (9) examined diffusivity and desorption for the same sediments 

that Rockne examined using the two smallest size fractions.  Diffusivity values were 

approximately 200x smaller in the <63 µm fraction compared to the 63 - 125 µm 

fraction when comparing the same site (9).  Fraction desorbed was greater for the 

finer fractions versus whole sediment, with one exception (9).  The fraction desorbed 

was greater in the whole sediment than for the 63-125 µm fraction (9).      

Ghosh et al. (10) measured PAH concentrations in marine sediment 

fractionated by size and then density.  PAH concentrations had an inverse 

relationship with grain size when comparing the light and heavy fractions 

independently and a significant relationship was found for the light fractions.  In 

2003, Ghosh et al. (11) further characterized the same Milwaukee Harbor sediment 

and analyzed sediment from two other urban harbors.  In this study, sediments were 

separated by size and density and PAH concentrations, microscale location of 

PAHs, desorption rate, and degradation through aerobic bioslurry treatment were 

measured.  Particles were also characterized by type using petrography analysis.  
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The <63 µm heavy fraction contained higher concentrations of PAHs than the other 

heavy size fractions (11) but the light fractions did not show this trend (11). 

Landrum et al. (12) fractionated soil and sediment from five sites into different 

particle size classes and extracted organic matter, spiked radiolabeled pyrene and 

benzo[a]pyrene into fractions, and exposed diporeia spp. to each fraction.  The 

uptake clearance (Ks), OC, O/C/N, minerals, and O2 in each fraction were measured.  

Linear regressions were run between size fractions and Ks for pyrene and 

benzo[a]pyrene.  No significant correlations were found between Ks and different 

size fractions alone except for the 63 - 37 µm size fraction for benzo[a]pyrene.  

Across sediments Ks values declined with the increasing fractions of combustible 

solids and percent fines.  

Burgess et al. (13) measured solid water distribution coefficients (Kd) of 

fluoranthene spiked into marine sediment or extracted humic material at five different 

sites and calculated coefficients of variation (CV) of Kds normalized to different 

sediment or humic characteristics.  Nineteen different characteristics of sediment 

and humic material were measured including: OC, nitrogen, hydrogen, sulfur, 

organic oxygen, phosphorus, soot carbon (SC), combustion carbon, humic acid, 

stable carbon isotope, surface area, grain size, polarity indices I and II, C/N, O/C, 

and H/C.  Unexpectedly silt content decreased the Kd variation for fluoranthene the 

most with a CV of 31% while OC normalization only reduced the CV to 38%.  This 

may be a result of the fact that OC and silt may be associated.   
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In summary, the total sum of PAHs tends to be inversely related to grain size 

(6,10).  The total low MW PAHs were found in one study to be directly related to 

grain size (6).  The fraction desorbed tends to be greater in clay and silt or the finer 

fractions (9,10) and diffusivity was slowest in the smaller size fractions (9).  Particle 

size overall did not show a relationship with Ks (12).  These trends were not seen 

throughout all sediments analyzed and many exceptions were present.  The 

increased sum of PAHs in smaller size fractions may be related to increased 

concentrations of OC, aromaticity, or specific surface area (SSA) observed with 

smaller grain size.  Increased desorption rates are more likely related to the quality 

of organic matter present in the different fractions rather than grain size and will be 

discussed later.    

Density 

 Almost every study examining density fractions has found that the total sum 

of PAHs is greatest in the low density fraction of sediment even when this fraction 

makes up a small portion of whole sediment (6-8,10,11,14,15).  For example, Ghosh 

et al. (10) found that the low density fraction made up approximately 5% of sediment 

but contained 62% of total PAHs (10).  Rockne et al. (8) found that the low density 

fraction made up approximately 4% of sediment at the PC site and contained 85% of 

total PAHs.  At the NC site the low density fraction made up 15% of sediment and 

contained 54% of total PAHs (8).  In Rockne’s, study this trend could not be 

accounted for by OC concentrations and was more pronounced for high MW PAHs 

(8). 
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Muller et al. (15) fractionated sediment from five sites previously 

characterized by size fractions (6) into five density fractions (Table 1).  At three of 

the sites PAH concentrations increased with decreasing density with significant 

differences seen between the highest and lowest density fraction.  At two of the sites 

the 1.6 - 2.0 g/cm3 fraction had higher concentrations of PAHs than the lowest 

density fraction of <1.6 g/cm3 (15).  However, OC normalized concentrations of 

PAHs were not different between density classes (15).  Individual PAHs (except for 

acenaphthene and acenaphthylene) also decreased with decreasing density in this 

study (15).   

Desorption rates have been shown to be slower in the low density fraction 

when compared to high density fractions (with exceptions for pyrene) but the total 

amount desorbed tends to be higher due to higher concentrations of PAHs (8-10).  

Rockne et al. suggested that desorption from the low density fraction was rate 

limiting because when the low density fraction was removed from whole sediment 

the rate of desorption increased (8).  Diffusivities were lower for low density fractions 

than for high density fractions by a mean factor of four, with greater differences seen 

for the low MW PAHs (phenanthrene and anthracene) (9).   This suggests that the 

diffusivities of high MW PAHs are less sensitive to sediment properties than the low 

MW PAHs (9).  Biodegradation was negligible from the light fraction at two sites but 

significant PAH loss was seen in the light fractions for another site with a greater 

loss of the low MW PAHs (11,16).  This site was characterized as less weathered 

and PAHs were found to be mainly associated with coal tar pitch (11). 
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 Muller et al. (15) examined characteristics of OC between density fractions 

and found that OC and total nitrogen increase with density and C/N decreases with 

increasing density, indicating a more advanced stage of decomposition.  The low 

density fraction (<1.6 g/cm3) was characterized by fresh plant residues with a loss of 

plant structure in the 1.6 - 2.0 g/cm3 fraction.  The 2.0 - 2.4 g/cm3 fraction contained 

clay and humus materials and the >2.4 g/cm3 fraction was made up of minerals with 

some bound organic matter.  Ghosh et al. (10) also analyzed sediment particles for 

composition.  He characterized the low density fraction to be composed primarily of 

coal and woody debris while the heavy fraction was dominated by clays and silt (10).  

In Rockne et al.’s (8) study, low density fractions were heterogeneous in size and 

type of particles and contained plant debris, soot, and charcoal.   Prahl and 

Carpenter’s (7) low density fraction had a higher OC concentration, C/N ratio, 

concentration of plant wax hydrocarbons, and lignin, indicating that plant debris were 

present.  Black carbon was not measured in this study and pyrogenic PAHs were 

enriched in the low density fraction (7).  

Jonker and Koelmans (17) measured densities of different types of black 

carbon (BC).  Soot carbon from the fluid fuels (traffic, oil, and diesel), wood soot, and 

the carbons originating from coal and charcoal, all had densities <1.6 g/cm3 so that if 

these particles are not bound they would appear in the low density fraction.  Only 

coal soot, fly ash, activated carbon, and graphite had densities >1.6 g/cm3.  

Activated carbon and graphite are expected to have small contributions to 

environmental BC concentrations.  This leaves only coal soot (1.85 g/cm3) and fly 
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ash (2.22 g/cm3) as the BCs that would appear in higher density fractions in the 

environment if they are not bound to other sediment particles.  In general, the 

density of OC is low and the non-alkylated PAHs also have a densities less than 1.6 

g/cm3 (18).  However, organic matter and PAHs are expected to be bound to 

different sizes and densities of particles and will be found throughout sediment with 

a possibility of higher concentrations in finer fractions due to an increased surface 

area.   

In summary, the PAH concentrations tend to be enriched in lower density 

fractions with an increase in this trend when sediment has an input of fresh plant 

matter, BC, and for high MW PAHs (7,8,10,11,15).  Desorption rates and diffusivities 

also tend to decrease in low density sediment with greater differences between 

fractions for the low MW PAHs (8,9).  Biodegradation of PAHs was decreased in the 

light fraction at two of three sites (9,11).  One study found that pyrogenic PAHs were 

enriched in the low density fraction (7).  The mechanism of these observations may 

be related to increased concentrations of OC and the quality of OC present.  For 

example, pyrogenic PAHs would share a common source with black carbon 

produced with pyrolysis, indicating that black carbon materials were enriched in the 

low density fractions. 

Specific Surface Area and Porosity 

 Specific surface area has also been examined in relation to PAH 

concentrations and sorption.  Specific surface area is expected to increase with 
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decreasing grain size and increasing porosity.  If SSA is important for PAH sorption 

it implies that adsorption may play a major role in PAH sorption.  Ghosh et al. (10) 

found a linear relationship between the inverse of radius of particles and PAH 

concentrations in the light fraction indicating that SSA may play a role in the 

mechanism of PAH sorption.  This also indicates that coal in the light fraction in the 

sediment he examined may be more important than fresh plant debris because 

sorption to coal is expected to involve adsorption as described by Ghosh’s spherical 

diffusion model of sorption of PAHs to coal particles (14).  The sediment he 

examined was not greatly influenced by fresh plant debris (8).  Rockne et al. (8) 

found a weak negative correlation between SSA and PAH concentrations at one site 

influenced by fresh plant debris but not at the other site.   

Mitra et al (19) determined OC-water partition coefficients (KOC) and PAH 

distribution in sediment at a creosote contaminated estuary by determining pore 

water and total PAH concentrations.  Sediment OC, C/N ratios, lignin-phenol 

content, SC, and surface area were also measured.  Particle surface area was found 

to increase with depth but not with PAH concentrations unless OC digestion was 

performed.  Shor et al. (9) found that the negative log of observed diffusivity of all 

PAHs and sediments examined correlated with SSA  (9).   

Sediment contains macropores (>500 Å), mesopores (20-500 Å), micropores 

(<20 Å), and nanopores (<1 Å).  They may be interparticle or intraparticle.  Sorption 

into pores may involve steric hindrance and will be limited to molecules small 

enough to fit into pores.  Molecular volumes of PAHs range from 127.3 Å3 for 
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naphthalene to 260.83 Å3 for coronene (18).  Molecules may become entrained 

along pore walls or trapped in pores by other molecules.  Sorption in pores is 

governed by “steric energy barriers” and occurs through a “series of activated jumps” 

(20).  It has been speculated that pores play a role in sequestration where molecules 

show a decrease in bioavailability with increasing incubation time with the sorbent.  

Nam and Alexander (21) spiked radiolabeled phenanthrene into polystyrene 

beads differing in nanoporosity.  Phenanthrene showed a significant decrease in 

desorption (48% for beads with pores to 3% for beads without pores) and 

mineralization (57.4% for beads without pores to 6.6% for beads with pores) from 

beads with nanopores (5 nm and 300 - 400 nm) when compared to polystyrene 

beads without nanopores.  This work illustrates that porosity may decrease the 

bioavailability of PAHs in particles.   

Rockne et al. (8) found that porosity had an inverse relationship to measured 

PAH concentrations in NC sediment but not in PC sediment.  Diffusivity of 

phenanthrene and anthracene correlated best with porosity out of all the parameters 

measured but no correlation was present for high MW PAHs (9).  In a model 

including fast and slow diffusivities (for phenanthrene and anthracene) the portion of 

fast diffusivity correlated most significantly with porosity (9).  Shor’s model indicated 

that high MW PAHs sorption could be explained using a one domain model, is more 

controlled by the quality of OC, and did not correlate to PAH physicochemical 

properties.  On the other hand, low MW PAHs were small enough to diffuse into 

pores and sorption was controlled by both PAH properties and sediment 
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characteristics.  A model including both fast and slow sorption was necessary to 

accurately describe sorption for these PAHs. 

In summary, SSA correlates to sorption to coal particles, diffusivity for all 

PAHs, and slow diffusivity for phenanthrene and anthracene.  Polycyclic aromatic 

hydrocarbon concentrations are expected to increase with increasing SSA but this 

trend is not always present.  Porosity has been shown to decrease desorption rates 

and mineralization in model sorbents.  Diffusivity correlated with porosity for low MW 

PAHs (phenanthrene and anthracene) but not for high MW PAHs, with fast diffusivity 

correlating best for phenanthrene and anthracene.  The fact that fast diffusivity and 

slow diffusivity correlate to different sediment characteristics indicates a different 

mechanism for fast and slow sorption (9).  Fast diffusivity was affected by both 

hydrophobicity and sediment properties while slow diffusivity was affected only by 

sediment properties and not PAH properties (9).   

Organic Carbon 

 Organic matter normalization has been shown to decrease variability between 

bioavailability of PAHs in different sediments better than any other parameter 

measured.  However, variability is still present.  The characteristics of organic matter 

or the type of organic matter contribute to this variability.  The polarity of organic 

matter is the characteristic most extensively analyzed in relation to PAH 

bioavailability.  Polarity may be measured as a ratio of C/N where polarity increases 

as C/N decreases.  It may be used as a surrogate measure of aromaticity as it is 
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expected that less nitrogen would be present in aromatics than aliphatics.  These 

C/N ratios are also expected to increase with weathering of plant material.  This is 

inconsistent with reports that C/N ratios are higher in the low density fraction and 

many studies reported an abundance of fresh plant debris in the low density fraction.  

Nitrogen is not the only molecule contributing to polarity and oxygen and sulfur 

content is often characterized.   

 Sorption often determines the amount of bioavailable contaminant in soils and 

sediments.  Partition coefficients are used to describe sorption in these systems.  

Partition coefficients of PAHs vary with different types of OC.  Phenanthrene 

sorption to various types of OC materials has been studied extensively and can be 

used to represent sorption of other PAHs to organic matter.  Salloum et al. (22) 

measured KOCs for aliphatic rich OC materials, including, algae, degraded algae, 

cellulose, collagen, cutical, lignin, humic acid, and oxidized humic acid.  Jonker and 

Koelmans (17) measured BC-water distribution coefficients (KBC) for phenanthrene 

to different types of BC including SC originating from combustion of different fuels 

(traffic, oil, diesel, wood, and coal) and for coal, charcoal, fly ash, activated carbon, 

and graphite.  The range of partition coefficients for phenanthrene brackets the 

octanol-water partition coefficient (KOW) and is 5.43 log units for all types of OC, 4.16 

log units for types of BC, and 0.49 log units if you exclude BC.  If one assumes that 

the water concentration represents availability and Cs=10,000 (µg/kg), the 

concentration in the water would be as high as 93.55 (µg/L) for cellulose and as low 

as 0.0071 (µg/L) for fly ash using equation 1 (Table 2):   
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Ce = CS / fOC Kx      (1)  

where Ce is the equilibrium concentration in water, fOC is the fraction OC, and Kx 

denotes the appropriate distribution or partition coefficient.  This illustrates that the 

type of OC may have a significant effect on availability and contributes to variation in 

bioavailability between sediments.  Organic carbon in the environment exists in a 

complex mixture of different types of OC and it is expected that partitioning in the 

environment will have less variability.    

Karapanagioti et al. (23) examined phenanthrene sorption using the 

Freundlich equation in size fractions of soil from an aquifer.  Each size fraction was 

characterized for type of organic matter: coal, charcoal, young particulate organic 

matter (POM) with phytoclasts, and amorphous organic matter (AOM).  Values of 

KOC were calculated by normalizing Kd values to OC.  All KOC values varied by two 

orders of magnitude and were always higher than the KOW.  An inverse relationship 

was seen between KOC and the Freundlich exponent (nF) at low Ce.  However, at 

higher concentrations KOC values were very similar to KOW for all samples.  The 

lowest nF and highest KOC values were found for samples containing coal suggesting 

an adsorption mechanism.  The highest nF and lowest KOC values were found for 

AOM and young POM dominated samples indicating an absorption mechanism.    

Mixtures of coal and AOM or young POM favored nonlinear sorption even when the 

coal fraction was small showing that coal may have significant effects on sorption 

even at low concentrations.  The porosity and surface area of organic matter was 
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also characterized.  Coal had a uniform solid surface while charcoal and phytoclasts 

were highly porous in nature.   

Chiou et al. (24) measured Kd values of naphthalene, phenanthrene, and 

pyrene spiked into soil and sediment from a variety of sources.  Values of Kd were 

translated into KOC by OC normalization.  Organic carbon from the different sources 

was also analyzed using 13C-NMR spectroscopy for aromaticity and functional 

groups.   It was observed that KOC values for PAHs were approximately 1.6 times 

higher for sediment than for soil and that this difference was most likely due to the 

presence of more functional groups in the soil.  He suggested that soil KOCs may be 

estimated by equation two (25) and sediment KOCs values by equation three 

developed by Karickhoff et al. (26).  

log KOC = 0.904 log KOW – 0.543     (2) 

log KOC = 1.00 log KOW  - 0.21     (3) 

It was also observed that PAHs showed higher KOC values than 

polychlorinated biphenyls (PCBs) with similar KOWs.  This difference increased with 

MW.  Chiou et al (24) hypothesized that the enhanced partitioning of PAHs was due 

to similar cohesive energy densities (CED) between organic matter and PAHs.  The 

CED is the energy of vaporization per unit volume of a pure liquid substance.     

Burgess et al. (13) found that OC normalization reduced the (coefficient of 

variation (CV) of measured Kd values for fluoranthene in different sediments to 38% 

which was higher than the CV for silt normalization.  Combining characteristics of the 
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sediment (in various combinations) such as OC, nitrogen, sulfur, humic acid, silt, 

phosphorus, polarity index I, and clay, reduced the CV for the whole sediment to 

approximately 29%.  For Kds measured for the humic material OC normalization 

resulted in a CV of 25% and oxygen to 31%.  Combining humic acid characteristics 

such as humic acid, hydrogen, sulfur, and OC resulted in a CV’s ranging from 19 - 

23%.   

 Landrum and Faust (27) exposed diporeia to whole sediment from 5 sites in 

Lake Michigan and from one soil.  Organic carbon, combustible solids (CS), and 

percent fines (<63 µm) were measured and used as independent variables against 

the KS.  A curvilinear decline in KS was observed with increasing OC, indicating that 

when fOC is small it has a greater impact on availability.  Landrum et al. (12) found 

significant correlations between OC polarity (C/N) and the KS for both pyrene and 

benzo[a]pyrene in the extracted organic matter fraction and the smallest grain size 

fraction  (37 - 20 µm).  The O+N/C was correlated to pyrene KS values in the 

extracted organic matter fraction and the amount of oxygen in the sediment was 

correlated with the OC normalized KS values of benzo[a]pyrene in the 37 - 20 µm 

fraction.  These correlations were not consistent across fractions.  Bioavailability 

increased as the C/N ratio increased, thus the more nonpolar the OC the more 

available the compound (12).   

Muller et al. (15) found that OC normalization of PAH concentrations could 

account for differences in PAH concentrations between density fractions.  Organic 

carbon concentrations correlated significantly with all individual PAHs.  Rockne et al. 
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(8) found that PAH distribution correlated positively with fOC and C/N ratios.  Shor et 

al. (9) observed that OC concentration correlated with percent desorbed for all 

sediments at 99% confidence intervals except PC 90 day desorption study.   Organic 

carbon concentrations did not correlate with diffusivity (9).  In Salloum’s work 

analyzing partition coefficients of phenanthrene for different types of OC, increasing 

aromaticity did not correspond to increasing KOC values (22).  For example, lignin 

(42.8% aromatic) had a lower log KOC (4.18) than did aliphatic kerogen (6.5% 

aromatic; log KOC = 4.88) (22).  

 In summary, accounting for the quality of OC present in sediment was shown 

to reduce the variation in KOC values (13) in one study but not in another (15).  The 

expected inverse relationship between OC polarity and PAH sorption was not 

present in two of three studies (8,12,22).  Organic carbon concentrations also 

correlated with percent desorbed but not with diffusivity  (16). 

Black Carbon 

Black carbon has been shown to be a strong sorbent for PAHs and it is 

speculated that it may account for the decreased availability of PAHs.  Research on 

the characteristics of BC show that the size of particles ranged from <50 nm to 110 

µm (28-31) and SSA ranged from 0.6 - 370 m2/g (30,32).  Black carbon is also highly 

porous in nature with both mesopores (0.004 - 6.9 cm3/g) and micropores (0.0009 - 

0.013 cm3/g) which accounted for 70 - 90% of total surface area (33).  It has been 

shown to make up 2 - 49% of total OC in sediment and soils (8,30,34).  Black carbon 
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contains aliphatics, carbohydrates, alkyl-substituted aromatics, and carboxylic 

carbons and are dominated by the aromatics and carboxylic carbons (30).  It is 

possible that the presence of carbohydrates was due to contamination of the sample 

with lignin (30). 

Ghosh et al. (10) analyzed microscale PAH distribution on particles using a 

laser beam focused on the particles.  Coal particles sorbed 2 - 3x the number of 

PAHs relative to silica with all PAHs located on the surface of the particle.  Polycyclic 

aromatic hydrocarbons bound to silica were all associated with OC associated with 

silica.  Wood derived particles also had a high PAH content with approximately one 

order of magnitude less than that of coal derived particles.   Desorption studies 

showed that 40% of PAHs in whole sediment exhibited fast sorption while only 8% of 

PAHs were released from coal in eight months.  Eighty percent of PAHs desorbed 

from the clay/silt fraction in one month.  Rockne et al. (8) suggests that similar 

results were found for NC sediment which lacked plant debris;  36% of PAHs 

desorbed from NC sediment in three months and 70% from PC sediment with a 

more pronounced trend between the sites for higher MW PAHs (benzo[a]pyrene and 

pyrene).  However, Rockne speculated, differences in desorption rates could be 

accounted for by increased porosity and SSA in the NC sediment rather than BC.  

Ghosh et al. (11) found that 95% PAHs in the 250 - 1000 µm light fraction were 

found on coal-derived particles at a site characterized as weathered and exhibited 

decreased degradation and desorption. In contrast, at a site where coal tar pitch 

made up 56% of sediment, 96% of PAHs were found in the coal tar even though the 
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site also had coal-derived particles and woody debris present (11).  This site was 

characterized as having increased rates of degradation and desorption.  It appears 

PAHs at this site remained associated with their source (coal tar) (11).  This work 

provides direct evidence that weathered PAHs associated with coal show decreased 

bioavailability.  

In 2001, Ghosh published a paper further characterizing Milwaukee Harbor 

sediment by desorption activation energy and desorption rate (14).  In this work he 

developed the rind model indicating that PAHs are sorbed to the outer surface of 

coal particles.  He also saw high desorption activation energies on coal particles 

ranging from 133 – 138 kJ/mol.  This indicates that PAHs bound to coal at 

environmental temperatures would be unlikely to desorb.  Clay/silt particles showed 

much lower desorption activation energies ranging from 37 – 41 kJ/mol and would 

be available for desorption.   

Other researchers have found that soot-water distribution coefficients (KSC) 

for PAHs are 35 - 250x higher than corresponding KOC values and sorption 

isotherms are nonlinear (35).  Distribution coefficients for PAHs native to BC were 

higher than distribution coefficients for the same compound with a different source 

(17).  Native PAHs sorption in soot was best predicted by the sorbate’s molar 

volume while non-native PAHs and PCBs sorption was best predicted by the 

sorbents average pore diameter (17).   Jonker and Smedes (34) observed higher  Kd 

values of planar chlorobenzenes, PAHs, and mono-ortho-substituted PCBs in 
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relation to nonplanar molecules (multiple-ortho-substituted PCBs) in sediments from 

Lake Ketelmeer.  This phenomenon has been well documented (17,36-38).   

Fractionation experiments show conflicting results as to the effect of BC on 

PAH bioavailability.  Mitra et al. (19) did not see a correlation of KOC to soot carbon 

(SC) concentrations and SC normalization did not reduce the variation in the Kds of 

fluoranthene measured by Burgess et al. (13).  Rockne et al. (8) found a strong 

correlation between SC and PAH concentration in different fractions but suggests 

that this could be explained by total OC and indicated that SC is not the primary 

sequestration material for PAHs.  No significant correlation was found between PAH 

concentrations and SC concentration expressed as a percentage of OC or when SC 

and OC were considered in two independent variable regressions against PAH 

concentration (8).  Shor et al. (9) found that OC and the OC to nonsoot C ratio 

correlated with percent desorbed for all sediments except PC 90 day.  Soot carbon 

concentration, soot as percent of OC, and the organic matter to nonsoot C ratio 

correlated with diffusivity at 95% while the OC concentration did not (9).  Slopes 

indicated that PAHs diffused faster through soot than other OC, which is inconsistent 

with other literature (9).   This may simply be the result of an auto-correlation 

between soot concentration and surface area (9). 

These conflicting results may be a result of procedures used by different 

researchers.  The standard method of measuring BC (thermal oxidation at 375oC  

and CHN elemental analysis) in sediment may exclude traffic, oil, and wood soot 

(17) and measurement of PAH concentrations using standard extraction procedures 
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for soils and sediments (methylene chloride or acetonitrile Soxhlet extraction) often 

underestimate total PAH concentrations (39).   Different methods of measuring BC 

content may vary dramatically and at least three different methods have been used 

in the literature (30).  In order to include all types of BC analyzed by Jonker and 

Koelmans (17) the oxidation temperature should be reduced to 340oC.  The density 

of soot that would not be measured at the 375oC oxidation method all had a density 

less than 1.6 g/cm3 and would be found in the low density fractions of sediment if the 

soot was not bound to particles (17).  Extraction of PAHs from sediment with 1:6 

toluene:methanol showed the highest extraction recoveries across sediment types 

and BC (39), other extraction procedures may not be exhaustive. 

Polycyclic aromatic hydrocarbons are formed along with SC during pyrolysis.  

They may travel through the atmosphere bound to SC and be deposited into soils 

and sediments with rain.  Thorsen et al. (40) measured biota-sediment-

accumulation-factors (BSAF) and BC concentrations in various sediments.  She 

found that uptake of the pyrogenic PAHs was consistently less than the petrogenic 

PAHs and suggested that this was due to the greater association of pyrogenic PAHs 

versus petrogenic PAHs to BC.  Thorsen et al. (40) proposed a new BSAF equation 

that accounts for this difference: 

BSAF = Corganism / flipid / CS / fOC + fSC (KSC/KOC)   (4) 

where fOC and fSC is the fraction OC or SC, and Corganism is the concentration in the 

organism.  Applying this equation to pyrogenic PAHs resulted in BSAF values closer 
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to the theoretical value of 1 indicating that SC was likely influencing the decreased 

availability of pyrogenic PAHs. 

The fact that so much supporting information exists on the mechanism of 

increased sorption of PAHs to BC versus other OC suggests that BC is an important 

parameter to consider in PAH bioavailability.  Two new equations have been 

developed to predict the Kd value of PAHs in sediment that include BC (41-43):  

Kd = fOC KOC + fSC KSC     (5) 

 Kd = fOC KOC + fBC KF,BC Ce
nF-1    (6) 

where KF,BC is the Freundlich distribution coefficient for BC.  Equation five has been 

shown to correlate well with observed Kd values of pyrene and phenanthrene (42,43) 

and equation 6 with phenanthrene and fluoranthene (41).  Accardi-Dey’s research 

on pyrene where the Freundlich exponent was measured indicated that equation 6 is 

the best predictor to date of PAH sorption (42).   

Gustafsson proposed that Sediment Quality criteria (SQC) be altered to (41): 

SQC (PAHi) = (fOC KOC + fSC KSC) FCV (PAHi) (7) 

where FCV (PAHi) is the final chronic water quality criteria value for PAH i.  It has 

also been shown that a portion of pyrogenic PAHs, which share a common source 

with BC, may be unavailable for equilibrium partitioning on a time scale of interest 

(41). Gustafsson suggested the following equation be used to solve for this fraction: 

 SQC (PAHi) = [(fOC KOC + fSC KSC) / AEP] FCV (PAHi) (8) 
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where AEP is the fraction that is available for equilibrium partitioning.  Jonker 

determined KBC values for 11 different PAHs for different types of BC and calculated 

the fraction of six natively bound PAHs that are unavailable for equilibrium 

distribution for each type of BC (fued) (17).  These calculations could be used in 

equation eight, however these have only been calculated for six of the PAHs and 

they are specific to the type of BC.  In order to apply these equations either a 

generic KSC value would need to be developed or the type of BC characterized.  The 

variation in sorption to different types of BC indicates that a generic value would not 

be reliable. 

In summary, the fact that PAHs sorb very strongly to SC has strong 

mechanistic support.  Values of KBC have been shown to be much greater than 

corresponding KOC values (17,35), coal particles have been shown to have higher 

concentrations of PAHs relative to silica and wood particles, (10) and desorption 

rates are much slower from coal than from clay/silt particles (10).  Planar 

compounds have shown preferential sorption to BC and desorption activation 

energies are higher for coal than for clay/silt particles (14,38).  On the other hand, 

fractionation experiments have not supported the mechanistic data (13,19).  Shor et 

al. showed that SC as a portion of OC correlated with percent desorbed and 

diffusivity, but PAHs exhibited greater diffusivity in SC than OC (9).  These 

conflicting results may be related to conservative estimates of SC and 

nonexhaustive extraction techniques.   



 179

The new equations proposed to determine Kd values of PAHs and SQC have 

strong mechanistic support.  Nonetheless, because the fractionation experiments 

examining PAH bioavailability in the field currently do not support SC as the only 

factor controlling bioavailability it is doubtful that the new equation would reduce the 

variation seen between different sediments at this time.   

Discussion 

 A review of the fractionation experiments indicates that of all sediment 

fractions analyzed, the low density fraction has the highest concentration of PAHs, 

but density is not the mechanism controlling PAH bioavailability (Table 3).  Analysis 

of low density fractions has shown that the low density fraction has a higher 

concentration of OC, SC, and plant debris.  Ghosh et al. (10,11,14) has shown that 

the PAHs in the low density fractions he analyzed were all associated with OC with 

increased concentrations on coal particles, suggesting that the enhanced sorption of 

PAHs to coal is the mechanism of decreased bioavailability.  This is further 

supported in research examining KBC values (17,35,41,43) and  BSAFs (40).  Yet, 

Ghosh’s sediment contained only small fractions of fresh plant debris and may not 

have been relevant as to whether young plant materials play an important role in 

PAH bioavailability.  Ghosh’s analysis of sorption onto the woody particles present, 

found that sorption to this material was one order of magnitude less than that of coal, 

which was 2 - 3x greater than other OC.  This indicates that plant debris may also 

play an important factor in availability.  This was supported by Rockne’s and Shor’s 

work (8,9,16) who saw a greater decrease in bioavailability at a site contaminated 
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with plant debris and by Salloum et al. (22) who demonstrated partitioning of 

phenanthrene into aliphatic OC.  Plant material may be an important factor at sites 

where the amount of plant material present is much greater than the fBC. The general 

conclusions that can be drawn are that 1) OC is the dominant factor accounting for 

differences in PAH bioavailability 2) the presence of BC can significantly decrease 

PAH bioavailability and 3) the presence of plant material may also significantly 

reduce availability.   

The lack of supporting data in the fractionation experiments to BC may be 

related to the fact that: 1) KBC values for the same PAH may range as much as 4 log 

units and KOC values for other types of OC only range by 0.43 log units 2) 

measurements of BC may exclude some types of BC and do not determine type, 3) 

extraction procedures from BC are not exhaustive and 4) the source of PAH may 

significantly influence PAH availability (7,11,17,39,40).  Porosity and SSA have been 

shown to influence availability of PAHs, to be important in modeling, and can be 

explained mechanistically.  However, in relation to the effects of OC on availability 

their contribution is small.  The information gained by measuring porosity and SSA 

may not outweigh the costs.    

 The source of PAHs may also play an important role in PAH availability.  

Thorsen et al. showed that pyrogenic PAHs were less bioavailable than petrogenic 

PAHs (40).  Ghosh et al. (11) demonstrated that PAHs released with coal tar pitch 

may remain associated with pitch and have an increased availability even when coal 

particles are present (11).  Thus source may play a factor in the lack of correlation 
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seen to SC and may significantly increase or decrease availability.  Examining a 

broad suite of PAHs and determining source would increase our understanding of 

bioavailability data.   

Future research is needed examining source and the contribution of BC, coal 

tar, and plant debris to PAH availability.  Due to the heterogeneity of sediment and 

the complexity of bioavailability, determining the safety of sediments based on total 

concentrations will require detailed sediment analysis.  Sediment quality criteria 

based on surrogate measures of bioavailability would be more cost effective and 

currently more reliable.  Desorption and pore water concentrations have been shown 

to correlate well with availability and provide promising alternatives for SQC.  
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Parameters
Ghosh 2003 

[11]
Shor 2003    

[9]
Shor 2003 

[16]
Rockne 2002 

[8]
Ghosh 2001 

[14]
Muller 2001 

[15]
Ghosh 2000 

[10]
Muller 2000   

[6]
Landrum 1997 

[12]
Prahl 1983 

[7]
Soil/Sediment Sediment Sediment Sediment Sediment Sediment Soil Sediment Soil Sediment Sediment
Type of Site Marine Marine Marine Marine Marine Urban Marine Urban Fresh Water Marine

Spiked No No No No No No No No Yes No

Compounds 
Analyzed

N, AC, AY, F, 
PH, AN, FL, PY, 

BaA, C, BbF, 
BkF, BaP, IP, 
DahA, BghiP

PH, FL, AN, 
PY, BaA

PH, AN, PY, 
BaA, C, 

BbF,BkF, 
BaP

PH, AN, PY, 
BaA, BbF, 

BkF, BaP, IP

PH, AN, FL, 
PY, C, BaA, 

BbF, BkF, BaP

N, AY, AC, F, 
PH, AN, FL, 
PY, BaA, C, 
BbjkFL, BeP, 
BaP, PE, IN, 
DahA, BghiP

N, AC, AY, F, 
PH, AN, FL, 
PY, BaA, C, 
BbF, BkF, 
BaP, IN, 

DahA, BghiP

N, AY, AC, F, 
PH, AN, FL, 
PY, BaA, C, 
BbjkFL, BeP, 
BaP, PE, IN, 
DaA, BghiP

radiolabeled 
PY and BaP

FL, PY, BaA, 
C, BbjkF, 
BeP, BaP, 

BeP, IN

Fractions 
Analyzed >1000 µm <1.7 g/mL 63-125 µm > 500 µm >1000 µm <1.6 g/cm3 >1000 µm 2000-250 µm >420 µm >250 µm

1000-250 µm >1.7 g/mL <63 µm 300-500 µm 1000-250 µm 1.6-2.0 g/cm3 1000-250 µm 250-20 µm 420-105 µm 125-250 µm
250-63 µm Pore water <1.7 g/mL 125-300 µm 250-63 µm 2.0-2.2 g/cm3 250-63 µm 20-2 µm 105-63 µm 64-125 µm

<63 µm >1.7 g/mL 63-125 µm <63 µm 2.2-2.4 g/cm3 <63 µm <2 µm 63-37 µm <64 µm
Light Pore water <63 µm Light >2.4 g/cm3 Light Floatables <63-37 µm <1.9 g/cc

Heavy <1.7 g/mL Heavy Heavy 37-20 µm >1.9 g/cc

>1.7 g/mL <20 µm
Extracted 

Humic
Extracted OM

Dependant 
Variables

PAH 
Concentration, 

Microscale PAH 
Concentration, 
Biodegradation, 
Desorption Rate

Biodegradation Diffusivity, 
Desorption

PAH 
Concentration,  

Koc,          
Desorbtion

Total PAHs, 
Desorption 
Activation 
Energy, 

Desorption 
Rate

PAH 
Concentration

Microscale 
PAH 

Location, 
Desorption 
Rate, PAH 

Concentration

PAH 
Concentration

Uptake 
Clearance (Ks)

PAH 
Concentration

Independent 
Variables

Type of Particle Model 
Predictions

PAH 
Properties, 
Porosity, 
Surface 

Area

Carbon 
Content, Pore 

Structure, 
Surface Area, 

SC, C/N

Model Fit, 
Type of 
Particle

CaCO3, Ctot, 
Ntot, Corg

Type of 
Particle

Ctot, Ntot, Corg, 
Cinorganic, 

Corg, O/C/N 
Content, 

Minerals, O2

Aliphatic 
Carbon, 
Aromatic 

Carbon, TOC, 
Lignin

1 Abbreviations for PAH analytes are available in Table 4.

Table 1. Summary of fractionation studies included in review.



 187

Type of Organic Carbon Log Koc

Phenanthrene 
Concentration in Water4

Cellulose1 3.33 93.5470
Lignin1 4.18 13.2139
Coal3 4.34 9.1418
Algae1 4.39 8.1476
Cuticle1 4.50 6.3246
Oxidized Humic Acid1 4.56 5.5085
Kow

2 4.57 5.3831

Traffic Soot3 4.60 5.0238
Green River Kerogen1 4.64 4.5817
Degraded Algae1 4.66 4.3755
Humic Acid1 4.67 4.2759
Collagen1 4.72 3.8109
Activated Carbon3 4.75 3.5566
Pula Kerogen1 4.88 2.6365
Coal Soot3 4.91 2.4605
Diesel Soot3 5.00 2.0000
Wood Soot3 5.41 0.7781
Oil Soot3 5.93 0.2350
Charcoal3 6.25 0.1125
Fly Ash3 7.45 0.0071
Graphite3 8.76 0.0003

4 Cw= Cs / Kocfoc, Cs=10000, foc=0.05

Table 2.  Variation in phenanthrene concentrations in water using 
different Koc values.

1 Salloum et al, 2002, Environ Sci Tech 36:  1953-1958.
2 Neff, JM., Burns, WA. ET+C 1996. 15, 2240-2253
3 Jonkers et al. 2002. Env Sci Tech 36:  3725-3734.
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Variables 
Measured

PAH 
Concentration Diffusivity

Fraction 
Desorbed Biodegradation Ks Sum

Organic 
Carbon Direct (+2) Direct (-1) Inverse (0) Inverse Inverse (+1) 2

Grain Size Inverse (1.5) Direct (0.5)
Inverse 

(0.5) None (-1) Direct (-1) 0.5
Density Direct (3.5) Direct Inverse (1) Direct (0.5) Inverse 5
Surface 
Area Inverse (0) Inverse (+1) Inverse (-2) Inverse Inverse -1
Porosity Inverse (0) Inverse (-1) Inverse (-1) Inverse Inverse -2
C/N Ratio Inverse (+1) Direct (+1) 2
Soot 
Carbon Direct (0) Direct (+1)

Inverse 
(0.5) Inverse Inverse 1.5

Table 3.  Summary of observed relationships of sediment characteristics to PAH bioavailability 
(degree of correlation listed in parenthesis1).

1 Degree of correlation is a rough estimate on the correlation of the two parameters listed.  Studies
 included in analysis are listed in Table 2.  A +1 was given to correlations at the 95% confidence
level, 0.5 was given to correlations where are trend was present but was not significant, and a -1
was given when the parameters were measured but no trend or correlation was present.  These
values were added to arrive at an estimate of the degree of correlation.  
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Symbol Log Kow
1 MW2

N 3.37
2MN 3.86
1MN 3.86
DMN 4.37
TMN 4.9

BI 3.9
AY 4.07
AC 3.92
DF 4.12
F 4.18

1MF 4.97
D 4.38

PH 4.46
AN 4.54

1MP 5.14
FL 5.22
PY 5.18
FP1 5.7

R
BaA 5.91

C 5.61
BbF 5.8
BkF 6

BbjkFL   252
BeP 6.4
BaP 6.04
PE 6.5
IN 7

DahA 6.75
BghiP 7.23

CO 7.64
1 Log Kow and molecular weight are from Luellen, D. R.; Shea, D. Environ Sci 
Technol  2002, 36, 1791-1797.  2 Molecular weight is represented by MW.  
3Analyte is one of the 16 priority pollutant PAHs.

Analyte

benzo[g,h,i]perylene3 276
coronene 300

indeno[1,2,3-c,d]pyrene3 267
dibenzo[a,h]anthracene3 278

benzo[a]pyrene3 252
perylene 252

benzo[k]fluoranthene3 252

benzo[e]pyrene 252

chrysene3 228
benzo[b]fluoranthene3 252

retene 234
benzo[a]anthracene3 228

pyrene3 202
C1-fluoranthenes/pyrenes 216

1-methylphenanthrene 192
fluoranthene3 202

phenanthrene3 178
anthracene3 178

1-methylfluorene 180
dibenzothiophene 184

dibenzofuran 168
fluorene3 166

acenaphthylene3 152
acenaphthene3 154

2,3,5-trimethylnapthalene 170
biphenyl 154

Table 4. Abbreviations of polycyclic aromatic hydrocarbons and selected
physico-chemical properties.

napthalene3 128

benzo[b+j+k]fluoranthenes

2-methylnaphthalene 142
1-methylnaphthalene 142

2,6-dimethylnapthalene 156

 



 

 

 

 

APPENDIX. 
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1.  Scanning electron micrographs of diesel soot from the Environmental 

Protection Agency (compliments of S. Thorne Gregory). 
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2.  Supplementary figures for research examining sorption to diesel soot. 
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Figure 1.  Comparison of measured Ksoot values for unaltered diesel soot and diesel soot previously exposed to natural 
organic matter. 
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Figure 2.  Linear relationships between log Kd and log KOW for unaltered diesel soot, diesel soot previously exposed to 
natural organic matter, and values measured by Jonker and Koelmans.
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Figure 3.  Log Ksoot values measured in systems containing both diesel soot and natural organic matter. 
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3.  Supplementary figures for research on the PDMS integrative Sampler. 
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Figure 4.  Coefficients of variation of PAH concentration in water in measurement of the uptake kinetics into PDMS 
integrative samplers.
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Figure 5.  Measured PAH concentrations in water for select low molecular weight PAHs in the uptake exposure of PDMS 
integrative samplers. 
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Figure 6.  Measured PAH concentrations in water for select mid molecular weight PAHs in the uptake exposure of PDMS 
integrative samplers. 



 202

0

10

20

30

40

0.5 1.0 1.5 2.5 3.5 6.5 9.0 9.0 12
.5

15
.5

16
.0

19
.5

21
.5

24
.0

24
.5

Time (Days)

PA
H

 C
on

ce
nt

ra
tio

n 
in

 W
at

er
 

(n
g/

L)

Benzo[b]fluoranthene Benzo[e]pyrene Benzo[a]pyrene
Benzo[k]fluoranthene Benzo[b]fluoranthene

 
 
Figure 7.  Measured PAH concentrations in water for select high molecular weight PAHs in the uptake exposure of PDMS 
integrative samplers. 
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Figure 8.  Uptake curves of PAHs into PDMS integrative samplers.  Regressions 
shown for basic ke equation (blue line), ke equation with steady state concentration 
based on KPDMS and CW-total (red line), ke equation with steady state concentration 
based on KPDMS, CW-fd. and DOC of  80 mg/L (green line), and ke equation with 
steady state concentration based on KPDMS, CW-fd, and DOC of 2.6 mg/L (yellow 
dash-dot line).  Figure shown on next 9 pages.
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Figure 9.  Elimination curves of PAHs from PDMS integrative samplers based on 
samplers loaded using the methanol method.  Figure shown on next 4 pages. 
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4.  Supplementary figures for PAH extractions from diesel soot. 
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Figure 10.  Measured PAH concentrations in NIST diesel soot using different extraction procedures. 
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Figure 11.  Measured PAH concentrations in EPA diesel soot using different extraction procedures.   
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