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Dustin Glen Poppendieck, Ph.D. 
The University of Texas at Austin, 2002 

Supervisor: Raymond C. Loehr 

The objective of this research was to elucidate mechanisms controlling the desorption of 

Polycyclic Aromatic Hydrocarbon (PAH) from manufactured gas plant (MGP) site samples. 

Twelve MGP site samples were characterized and found to vary in chemical and physical 

characteristics.  Four-month desorption studies were conducted on each sample.  PAH 

desorption from these samples was found to be biphasic with an initial fast release of the 

PAHs from the soil to the aqueous phase followed by a slower release of the PAHs to the 

aqueous phase.  The extent and rates of PAH release were variable.  The extent of PAH 

release tended to correlate to the apparent degree of weathering and aromaticity of the 

organic carbon.  However, there were outliers for each trend.  For coal gas samples, the rate 

of PAH release trended with apparent extent of weathering.  This suggested that for coal gas 

samples, time-dependent, diffusion-based mechanisms may be responsible for slow desorbing 

PAHs.  Deuterated PAHs were spiked onto a subset of the MGP samples.  Similar four-month 

desorption patterns of the spiked deuterated PAHs, initially in contact with the sample 

material for hours, and native PAHs, having been in contact with the sample material for 

decades, illustrated that a time-independent matrix sorption mechanism limited the release of 

PAHs from an oil gas sample.  This suggested that soot adsorption is possible mechanism that 

limits the release of PAHs from oil gas samples.  Desorption enthalpies were also determined 

on a similar subset of samples.  Desorption enthalpies for the fast releasing fractions tended 

to be less than 40 KJ/mol, indicating that the fast releasing PAHs were bound by weak van 

der Waals interactions.  The desorption enthalpy for the slow releasing fraction of 

naphthalene from an oil gas site was consistent with literature values for the surface 

adsorption of naphthalene to graphite.  Overall, this research indicates that both diffusion-

based and soot adsorption mechanisms can control the release of PAHs from MGP soils. 
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1. Introduction 
For over 75 years, the manufactured gas industry provided gas for lighting, heating, and 

cooking in American homes.  Sites where this gas was produced have been decommissioned 

and demolished.  However, residues and soils at former manufactured gas plant (MGP) sites 

may still pose a risk to human health and the environment. 

1.1. Motivation 
The mere presence of anthropogenic hydrocarbons in soil does not necessarily mean that 

environmental risks or an adverse environmental impacts exist.  To pose a risk, the 

chemicals of concern at a site must be bioavailable, in other words, they must be 

accessible to microorganisms, earthworms, plants, or other higher-level organisms.   

Bioavailability varies significantly from soil to soil and is difficult to predict.  One study 

has shown that the bioavailability of benzo[a]pyrene varied by a factor of seven for six 

different soils and was not related to any soil property (Alexander and Alexander 2000).  

In addition, bioavailability is limited by the sorption of chemicals from soils.  A sorbed 

chemical is less likely to be available for uptake by a receptor (Bayard et al. 1998).  Roy 

et al. demonstrated there was a 2-3 order of magnitude reduction of polyaromatic 

hydrocarbons (PAHs) transported through human skin when the PAHs were sorbed to 

soil as compared to free, unsorbed PAHs (Roy et al. 1998).  Other researchers have 

shown that the accumulation of PAHs in earthworm, wheat and barley tissues is 

dependent on sorption of PAHs to soil (Tang et al. 1998).  In addition, the extent of 

microorganism-induced concentration reductions in soils can be limited by bioavailability 

of the hydrocarbons in the soil (Chung and Alexander 1999). 

Although not easily predicted, bioavailability of a chemical is dependent upon desorption 

of the chemical, such as a hydrocarbon, from the soil matrix.  In the early 1980s, 

Karickhoff recognized that desorption of hydrocarbons from sediments is sometimes very 

slow (Karickoff 1980).  Slow desorption indicates that a chemical is less bioavailable.  

Recent investigations have shown that desorption is typically a two-phase process.  There 

is an initial fast release of the hydrocarbon from the soil to the aqueous phase, followed 

by a slower release of the hydrocarbon to the aqueous phase (Berg et al. 1998).  The rate 
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and extent of hydrocarbon desorption from soils is difficult to predict.  The fraction of the 

hydrocarbon associated with the slow release can vary from 10-90% and has not been 

shown to correlate to soil parameters (Cornelissen 1999). 

Microorganisms appear to prefer hydrocarbons associated with the more readily 

available, or fast, fraction (Chung and Alexander 1999).  Once the fast fraction has been 

removed, the slow desorption of slow fraction can result in aqueous hydrocarbon 

concentrations that are lower than equilibrium predictions.  These low aqueous 

concentrations can reduce the effectiveness and increase the time required for engineered 

systems to remediate a site.  However, the aqueous concentrations may be low enough to 

pose a reduced risk to the environment or receptors.   

1.2. Objective 
An understanding of what mechanisms control the desorption of PAHs from MGP site 

soils is vital to determine the extent of desorption, the bioavailability of PAHs, the risk 

posed to receptors and the appropriate remedial actions at a given MGP site.  Hence, the 

overall objective of this research is to: 

Elucidate mechanisms controlling desorption of PAHs from MGP site samples 

To achieve this objective, a review of MGP processes, soil components, and potential 

sorption mechanisms was performed (Section 2).  Experiments were conducted that 

characterized both the physical sample and PAH release (Section 3).  The physical 

sample characteristics were measured and analyzed (Section 4) as were the kinetics of 

PAH release (Section 5).  Using the data in the previous sections, an attempt was made to 

elucidate the mechanisms that control the desorption of PAHs from the MGP site samples 

(Section 6).   
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2. Literature Review 
The objective of this research was to investigate desorption mechanisms of polycyclic 

aromatic hydrocarbons (PAHs) from manufactured gas plant (MGP) soils.  It is important to 

understand the mechanisms of partitioning and release of PAHs from soil since the release 

will determine the potential for contamination of water sources down gradient and types of 

remediation that may be successful (Lee et al. 1998).   

To provide a framework for this research, four major questions must be answered: 

1. Why do we care about PAHs in MGP soils? 

2. What were MGPs? 

3. What are the components of MGP soils? 

4. What are the possible desorption mechanisms of PAHs from MGP soils? 

The first question provides the motivation for this research.  The second question probes the 

heterogeneity of the MGP processes and potential residuals.  The third question illustrates the 

type of matrices in which PAHs and other residuals might be present in MGP soils.  The final 

question reviews sorption models that have been proposed to govern the release of non-polar 

chemicals from the soil matrix. 

2.1. Why Do We Care About PAHs in MGP Soils? 
In both pure form and in mixtures, PAHs pose a risk to human health.  Larger PAHs can 

react with and bind to DNA, forming PAH:DNA adducts.  PAH:DNA adducts (bound 

PAHs) can interfere with the transcription and replication of DNA.  The adducts can also 

cause mutagenic insertion of the incorrect bases in RNA transcripts and newly 

synthesized DNA molecules (USDHHS 1995).  The accumulation of such mutations can 

lead to cancer (Koganti et al. 2001). 

2.1.1. Health Effects of Pure PAHs 
The EPA has determined that seven PAHs (benz[a]anthracene, benzo[a]pyrene, 

benzo[b]fluoranthene, benzo[k]fluoranthene, chrysene, dibenz[a,h]anthracene, and 

indeno[1,2,3-c,d]pyrene) are probable human carcinogens.  Inhalation, ingestion and 

 3



 

dermal contact of these PAHs have caused lung, stomach, skin, and liver tumors in 

laboratory animals.  In addition, high levels of benzo[a]pyrene have caused 

reproduction difficulties and birth defects in mice.  Animal studies have also shown 

that PAHs can harm the immune system after both short- and long-term exposure.  

Inhalation and dermal contact of mixtures of PAHs have been linked to cancer in 

humans (USDHHS 1995).  

2.1.2. Health Effects of PAHs in Coal Tars 
At MGP sites, PAHs are rarely found in pure form.  Instead PAHs reside in a 

complex mixture of hundreds of compounds, referred to as coal tar at sites that used 

coal as feedstock.  The effects of other compounds on the toxicity of PAHs have been 

demonstrated.  Mice that were fed a coal tar augmented diet over two years 

developed lung tumors.  However, the mice were tumor free when fed a 

benzo[a]pyrene amended diet (Koganti et al. 2001).  In general, heavier coal tar 

fractions (larger PAHs) are more toxic to mice (Reeves et al. 2001).  The lung has 

been shown to be a target for PAH:DNA adduct formation of coal tar chemical 

components (Koganti et al. 2001).  

In addition, the extent of PAH:DNA adduct formation is different for each PAH.  

Koganti et al. found benzo[c]fluorene:DNA adducts in mice lungs for mice fed with 

each of four soils augmented with coal tar, while benzo[a]pyrene formed adducts in 

only one out of four soils.  Hence, in vivo bioavailability of PAHs in coal tars at MGP 

sites may be different for different PAHs (Koganti et al. 2001).   

2.2. What Were MGPs? 
Awareness of the negative aspects of coal tars at MGP sites is not new.  MGPs were 

known to have impacted drinking water sources over 80 years ago. 

“Very near our works (a Manufactured Gas Plant) and about ten 
years after they were installed, an artificial ice plant was erected.  
The owners decided to dig artesian wells and found the water of 
excellent quality, and ample quantity, which they used for three or 
four years with no evidence that we, their neighbors, would cause 
them any trouble.  In the early days of the gas plant, the tar waste 
from the works had leaked through broken pipelines and from the 
wooden separator box used for waste disposal.  The tars seeped 
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through ordinary fissures of rock into the ground around the well 
casing, and traces of oil began to appear in the well water.  Needless 
to say, there was very serious trouble for a while and it is possible 
that other plants are storing up, unawares, difficulties of the same 
kind.” –1919, L.R. Dutton (Harkins et al. 1987) 

Though compliant with regulations of the era, disposed waste residues at MGP sites may 

still pose a risk to drinking water and the environment.  Although all MGPs produced 

similar gas products, the process, waste residues and environmental risk varied at each 

site.  To better understand this risk, this section reviews the history of MGPs, the three 

major MGP processes, and the residues of each process. 

2.2.1. History 
Manufactured gas was first used in Philadelphia in 1796 for lighting purposes (Mon 

1995).  Mass production of gas began in Baltimore in 1816 (Harkins et al. 1987; Mon 

1995).  By the end of the 19th century, widespread use of the light bulb and electricity 

forced the manufactured gas industry to shift from focusing on lighting to heating and 

cooking (Mon 1995).  Also known as town gas, gasworks, and gas plants (Harkins et 

al. 1987; Mon 1995), MGPs were more efficient and cleaner than traditional cooking 

fuels, such as coal and wood (Mon 1995).  By 1900, most cities in the United States 

had one or more MGPs (Mon 1995) and over 400 billion ft3 of gas was produced 

nationwide by MGP processes (Harkins et al. 1987). 

During the 1940s and 1950s, transcontinental natural gas pipelines were constructed.  

Natural gas was cheaper and had a higher BTU content than produced gas (Mon 

1995).  Over the next few decades, MGPs were decomissioned and physical 

structures at MGP sites were demolished (Harkins et al. 1987). 

Currently, between 1,000 and 2,500 decommissioned MGP sites (Harkins et al. 

1987), ranging in size from 0.5 to100 acres, exist in the United States (Murarka 

1995).  It is estimated that the cost of remediation at these sites is between $25 and 

$75 billion (Murarka 1995).   
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2.2.2. Processes 
There were three major MGP processes:  coal gas, carbureted water gas, and oil gas.  

Each process produced different byproducts and varying residuals that required 

disposal. 

Although there were three distinct processes, all the processes followed the same 

basic approach to manufacture gas.  A carbon source was combusted to produce heat; 

the heat, in turn, produced gas from a second carbon source.  The heat production 

step was generally carried out in the presence of air.  The gas production step was 

generally conducted without air.  The carbon source for the two steps was the major 

distinction among the three processes.  Table 2.1 summarizes the carbon sources for 

the three processes.   

Table 2.1. Carbon Sources for MGP Processes 
 Coal Gas Carbureted  

Water Gas Oil Gas 

Heat Source 
(Air present) Coal Coal Oil 

Gas Source 
(Air absent) Coal Oil Oil 

The produced gas contained a variety of components (Table 2.2).  Like all aspects of 

manufactured gas, the gaseous constituents depended on the composition of the 

feedstock used.  The gas also contained hydrocarbons and other impurities that were 

removed prior to distribution.  A single MGP could produce more than 20 million ft3 

of gas per day (Harkins et al. 1987). 

Table 2.2. Illustrative Components of MGP Gas (Harkins et al. 1987) 

Gas Coal Gas Carbureted  
Water Gas 

Hydrogen 52% 20-32% 
Methane 32% 12-22% 
Carbon Monoxide 6% 9-31% 
“Illuminants” 4% 8-27% 
Nitrogen 3% 5-13% 
Carbon Dioxide 2% 1-4% 
Oxygen 0.2% 0.2-1% 
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The choice of production process was mainly determined by the availability of 

feedstock.  In general, coal gas and carbureted water gas plants predominated on the 

East Coast where coal was plentiful, whereas oil gas plants predominated on the 

West Coast where coal was costly (Harkins et al. 1987). 

2.2.2.1. Coal Gas 
The coal gas process was used exclusively from 1816 to 1875, at which point, the 

carbureted water gas process was developed (Mon 1995).  Coal gas was the 

primary MGP process used in the north central United States (Harkins et al. 

1987). 

In the coal gas process, coal or coke (coke is to coal as charcoal is to wood) was 

combusted to heat a production chamber.  The heat was used to encourage the 

decomposition of coal into volatile products in the absence of oxygen.  Roughly 

40% of the coal was converted to gas.  The remaining coke was reused for heat 

production, sold or disposed (Harkins et al. 1987). 

Bituminous coals were preferred for their higher energy content over anthracite-

based coals.  However, economics and availability usually dictated the selection 

of coal (Hayes et al. 1996). 

Water, oils, and tars condensed out of the liquid as the gas cooled.  After cooling, 

the gas was bubbled through water to remove ammonia and passed through boxes 

containing lime or iron oxides to remove sulfur and cyanides (Mon 1995).   

2.2.2.2. Carbureted Water Gas 
The carbureted water gas (CWG) process was patented in 1873.  It quickly 

became the predominant MGP process in the South, Northeast, and the East 

Coast until demise of the manufactured gas industry (Harkins et al. 1987).   

In the CWG process, coal (or coke) was combusted to produce heat.  When the 

coal was hot enough, steam was blasted through the coal.  The water reacted with 

the coal to produce a gaseous mixture of carbon monoxide and hydrogen.  This 

relatively pure, combustible gas was referred to as water gas (also known as blue 

gas).  The water gas was passed onto the carburetor where oil was sprayed.  The 
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oil was thermally cracked in the presence of the water gas to produce a 

marketable gas (Harkins et al. 1987; Mon 1995).  Tars, naphthalene, and 

hydrogen sulfide were removed from the cooled gas in a manner similar to coal 

gas plants (Mon 1995).  The CWG did not produce significant amounts of 

ammonia (Harkins et al. 1987).   

2.2.2.3. Oil Gas 
The oil gas process was developed in the late 1880s because of the high cost of 

transporting coal (Harkins et al. 1987).  The first oil gas plant was built in 1902 

(Mon 1995).  Oil gas plants predominated on the west coast (Harkins et al. 

1987). 

The oil gas process was similar to the CWG.  The major difference was that 

instead of using coal or coke for a heat source, oil was combusted to provide 

heat.  The gas was produced in a similar manner as CWG.  Oil was sprayed into a 

heated steam mixture in the absence of air.  Like the CWG process, the oil vapors 

were cracked into marketable gases (Harkins et al. 1987; Mon 1995).  The gas 

was cooled and tars, naphthalene, and hydrogen sulfide were removed in a 

manner similar to the other MGP processes (Mon 1995).  The oil gas process did 

not produce significant amounts of ammonia (Harkins et al. 1987).   

2.2.3. Residuals 
Manufacturing gas was neither a clean nor efficient process.  Incomplete thermal 

decomposition of coal or the cracking of oils left heavy tars and solids that had to be 

periodically removed from the reaction chamber.  The hot gas was cooled with either 

direct contact with water or heat exchangers.  Both methods resulted in a range of 

tars (anything that sank in water) and oils (anything that floated on water) that 

condensed out of the produced gas.  The removal of hydrogen sulfide resulted in 

exhausted lime or iron oxides.  At coal gas plants, sludge from ammonia removal 

also had to be disposed (Harkins et al. 1987). 
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The volumes of byproducts depended on both the process and initial feedstock of 

each MGP.  Table 2.3 demonstrates the relative byproduct volumes from each 

process.   

Table 2.3: Byproduct Production from MGP Processes (Hayes et al. 1996)1 
 Coal Gas CWG Oil Gas 

Tar Production 3.3-9.2 Trace-9.6 5.4-5.9 
Lampblack  None Trace 20-30 

1Lb. residual per million BTU of feedstock (usually 10,000-15,000 Btu/lb for each 
feedstock) 

Frequently, at smaller MGPs, these byproducts were disposed of on-site.  For those 

byproducts that were discarded, historical records indicate that intentional disposal 

practices harmed groundwater (Harkins et al. 1987).  Larger plants had the economy 

of scale to recycle or sell some of the byproducts.  However, even if the MGP 

recycled or sold its byproducts, unintentional leaks and spills meant that any of the 

byproducts produced may currently be present at an MGP site.  This is especially true 

at older MGPs, where early storage vessels were often constructed of permeable 

wood or brick (Harkins et al. 1987). 

The type and characteristics of the residuals (byproducts still present at a MGP site) 

are dependent upon the MGP process (Harkins et al. 1987).  Solids and hydrocarbons 

are the main MGP residuals presently found at these sites.  Table 2.4 illustrates the 

various residuals from each of the MGP processes. 

Table 2.4. Residuals from MGP Processes (Hayes et al. 1996) 
 Coal Gas CWG Oil Gas 

Solids    
Coke X   

Coal Tar X X  
Oil Tar  X X 

Lampblack  Trace X 
Ash X X X 

Spent Oxides/Lime X X X 
Ammonia Sulfate X   

Liquids    
Wastewater Sludges X X X 

Tar/Oil/Water Emulsions  X X 
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Despite deposition issues, most air discharges had little impact on any contamination 

that exists today (Hayes et al. 1996).   

Condensate water contained both dissolved and suspended solids and sometimes had 

significant PAH concentrations.  After the condensate water was treated, it usually 

was discharged to local waterways (Hayes et al. 1996).  However, water discharges 

likely had little impact on any surface water contamination that exists today (Hayes et 

al. 1996). 

A detailed examination of the residuals from each MGP process follows. 

2.2.3.1. Coal Gas 
The carbonization of coal produced numerous byproducts (Table 2.4).  Of these 

by products, coal tar is most likely to be the dominant sorption media for PAHs. 

Coal tars were the most complex of MGP byproducts.  They were collected either 

from the reactor or from the condensate.  The composition of coal tar was 

depended on the feedstock and operating conditions.  Generally coal tars were a 

mixture of light, middle, heavy, and anthracene oils, along with pitch (heavy 

unanalyzable fraction).  Coal tars also contained aromatics, phenols, base 

nitrogen organics, cyanides, and ammonia.  Naphthalene could be present at up 

to 15% of the total weight, and it was recovered when the market dictated 

(Harkins et al. 1987).  Free carbon (graphite) content of the coal tars ranged from 

2-40%.  Depending on the origin of the feedstock, byproduct coal tars could 

account for up to 40% of the initial weight of the coal (Hayes et al. 1996). 

When not reused (generally at small plants or when the water content was too 

high), the byproduct tars were dumped into the nearest body of water or a lagoon.  

When disposed of in waterways, the phenols in tars “generally killed any 

remaining plant life around the coke plant” (Harkins et al. 1987).  Phenols are 

also toxic to humans (Harkins et al. 1987). 

Other possible residuals at coal gas sites are coke, ash, and residues from 

removing impurities in the gas.  All are likely to be present in smaller quantities 
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than coal tar.  In general, coke was reused as a heat source.  The ash consisted of 

various oxides (SiO2, Al2O3, Fe2O3, CaO, and MgO) (Hayes et al. 1996).  Sludge 

from ammonia removal and exhausted lime and iron oxides from hydrogen 

sulfide removal also may have been disposed of on-site. 

2.2.3.2. Carbureted Water Gas 
CWG MGPs had both oil and coal feedstock.  Hence, it would be expected that 

the residuals would resemble both coal and oil gas residuals.  However, in the 

CWG process, the coal was only combusted for heat, and the oil was only 

cracked (not combusted).  Overall, CWG residuals tended to be more similar to 

oil gas residuals than to coal gas residuals.   

The major byproduct of the CWG process was uncracked oil.  The uncracked oil 

varied in content, depending on the composition of the original oil.  The oils used 

in the CWG process changed as industries developed in the United States.  In 

general, CWG initially used lighter oils.  However, uses of these oils were 

discovered by other industries, driving up costs.  The manufactured gas industry 

gradually switched to using heavier and heavier oils which were harder to crack.  

Initially, naphtha, rich in short-chain aliphatic and light aromatic hydrocarbons, 

was used in the carburetor.  The use of naphtha produced tars that were 1.7-3.5% 

of the original feedstock weight.  World War I consumed significant quantities of 

naphtha, and the manufactured gas industry switched to gas oil (density between 

kerosene and lubricating oil), which resulted in tar production that ranged from 

12-18% of the feedstock weight.  In the 1920s, gas oils were used as a cracking 

stock for gasoline.  The manufactured gas industry then switched to using heavier 

fuel residual oils that contained 0-3.7% sulfur and left up to 25% of the original 

feed unconverted (Harkins et al. 1987). 

Tars from the CWG process were less viscous, less dense, and more mobile than 

coal tars (Harkins et al. 1987).  CWG tars had a similar boiling point distribution 

to oil gas tars.  The CWG tars contained no tar acids or bases and were composed 

of up to 60-90% heavy PAHs.  This is because the tars were primarily from oils 

injected into the carburetor, not from coal used for heat (Hayes et al. 1996). 
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Upon cooling, the produced gas condensate formed, containing oils, tars, and 

water.  Particulates and free carbon were also present in the condensate.  Often, 

oil, tar, and water emulsions formed, which were hard to separate despite the 

density differences.  The heavier, more asphaltic feedstock produced more oil, 

tar, and water emulsions.  Up to 20-40 gallons of emulsions were produced per 

ton of feed coal processed (Hayes et al. 1996).  If the emulsions could be broken, 

the oils and tars were recycled as fuels (Harkins et al. 1987).  When the 

emulsions could not be broken, they were disposed of on site or spread on roads 

for dust control (Hayes et al. 1996). 

2.2.3.3. Oil Gas 
Feedstock at oil gas MGPs were generally asphaltic-based oil that had large 

carbon-to-hydrogen ratios.  When feedstock or carburetor oil was thermally 

cracked, much of the carbon formed elemental carbon (graphite) (Harkins et al. 

1987; Hayes et al. 1996).  This residual is called lampblack.  Lampblacks had the 

highest hydrocarbon content of all MGP residuals (Hayes et al. 1996).  Typical 

lampblack composition is summarized in Table 2.5.   

Table 2.5. Typical Lampblack Composition (Hayes et al. 1996) 

 Percent 

Carbon 96.7 
Sulfur 1.5 

Hydrogen 0.6 
Oxygen 0.9 

Ash 0.3 

Of the oil sprayed into the carburetor, roughly 45-65% of the oil was converted 

into gas.  This percentage varied as the oils used (naptha, gas oil, fuel oil, and 

residual oils) changed over time in a similar manner to the CWG process 

(Harkins et al. 1987).   

The combustion of oil used as the heat source resulted in the production of both 

tars and lampblack.  Tar production ranged from 2-8% weight of initial oil.  

Large quantities of lampblack (20-33% weight of initial oil) were produced from 
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the combustion of oil for heat (lesser amounts of lampblack were produced from 

oils injected into the carburetor).  Between 12 and 24 pounds of lampblack were 

produced for every 1000 ft3 of gas produced (Harkins et al. 1987).  Generators 

often became clogged with carbon.  Small plants disposed of the lampblack on-

site.  Larger MGPs fashioned lampblack briquettes that were either burned or 

sold (Harkins et al. 1987).   

Oil tars were also associated with the lampblack residuals.  Since oil was a 

chemically simpler feedstock than coal, oil tars were not as complex as coal tars.  

Oil tars contained light oils and aromatic hydrocarbons.  However, oil tars lacked 

acids, bases, ammonia, and cyanides (Harkins et al. 1987).  Oil tars also 

contained less free carbon (0.3-1.6%) than coal tars (2-40%) (Hayes et al. 1996).  

Hard-to-handle tars were disposed of on site (Harkins et al. 1987). 

Oil, tar, and water emulsions were also a problem that varied with feedstock at 

oil gas plants.  The ash from oil gas facilities wash was different than the ash 

from coal gas MGP, consisting primarily of SO3, Na2O, and K2O (Hayes et al. 

1996). 

2.2.4. Impact of MGP Process on Desorption 
Despite having similar functions, MGP sites can have different residuals.  At coal gas 

sites, coal tars with a high number of polar functional groups may allow non-polar 

PAHs to desorb relatively quickly.  On the other hand, coal tars with few functional 

groups and a high degree of graphitic carbon (up to 40%) may tightly bind PAHs.  At 

oil gas sites, graphitic lampblack might also severely limit the release of PAHs.  At 

the same oil gas site, oil tars that contain relatively few functional groups may permit 

PAHs to desorb quickly.   

Hence, each MGP process has a residual that may result in tightly sorbed PAHs or a 

residual from which PAHs can release to the aqueous phase relatively quickly.  

However, the mechanisms that control slow and fast release may be different for each 

type of MGP residual.   
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2.3. What are the Components of MGP Soils? 
The challenge related to remediating MGP sites is that the residuals have had time, 

decades in most cases, to penetrate and interact with soil.  Thus, PAHs may be associated 

not just with MGP residuals but all soil components.   

There are four possible major soil components of MGP soils:  inorganic minerals, non-

aqueous phase liquids (NAPLs), natural organic matter, and soot.  The structure of each 

component influences the interaction that the component will have with PAHs.  A brief 

review of each component follows. 

2.3.1. Minerals 
In typical soils, minerals make up over 90% of the soil matrix (Sparks 1995).  

However, in the MGP samples used in this study, the mineral contents were as low as 

20%.  Soil minerals vary significantly in their size and composition.  The majority of 

soil minerals are composed of various arrangements of silica, aluminum, oxygen, and 

iron (Sparks 1995).  The specific structures of the minerals are beyond the scope of 

this research.  The surface of most of these minerals is charged.   

Non-polar hydrocarbons have minimal interaction with the charged surface of a 

mineral (White and Pignatello 1999).  In addition, inorganic pores have polar walls.  

These polar walls form a vicinal water film, or ordered layer of polar water, that 

results in low accessibility of non-polar hydrocarbons to the pores (Huang and Weber 

1998).  Hence, the role of minerals in the sorption and desorption of hydrocarbons in 

MGP soils is likely to be minimal. 

2.3.2. Non-Aqueous Phase Liquids 
In MGP site soils, PAHs may be found dissolved in amorphous, anthropogenic, non-

aqueous phase liquids (NAPLs).  At MGP sites, the NAPLs of concern are residual 

coal tar, oil tars, condensate oils, and spilled fuel oils.  The composition of the NAPL 

is highly dependent on the MGP process employed at the site and the leaks and spills 

that occurred at the site.  These issues were discussed in Section 2.2.3.   
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NAPLs may reside in hard-to-reach mineral and natural organic matter pores.  In 

addition, the NAPL composition changes with time as lighter compounds dissolve in 

the aqueous phase and water penetrates the edges, forming a semi-gelatinous film 

(Lee et al. 1998). 

2.3.3. Natural Organic Matter 
For this research, natural organic matter (NOM) is defined as any non-living, non-

anthropogenic organic material in soil.  Living components make up a small fraction 

of the total organic content (Swift 1996).   

Natural organic matter is the result of fresh, partially, and completely decomposed 

plant, animal, and microbial residues (Nelson and Sommers 1996).  The 

decomposition process can take anywhere from hours to thousands of years (Swift 

1996).  This humification progression gradually transforms the highly oxidized, 

amorphous biological compounds into relatively reduced and condensed fulvic and 

humic acids, humin, and eventually kerogen.  During the humification process, the 

molecular weight, carbon content, and nitrogen content of the natural organic matter 

all increase, while oxygen content, acidity, and cation exchange capacity all decrease 

(LeBoeuf and Weber 1997).  Due to varying origins and ages in soil, natural organic 

matter has varying structure, functional groups, molecular weights, charge, densities, 

polarities, hydrophobicities, and water contents.   

Natural organic matter is a physically and chemically heterogeneous, three 

dimensional mixture of materials that vary substantially in both amount and 

resistance to biological degradation (Swift 1996; White and Pignatello 1999).  The 

humic fraction is the largest portion of the natural organic matter, consisting of 50-

80% of the total organic matter by weight (Swift 1996; Perminova et al. 1999).  The 

rest of the organic matter consists of recognizable plant debris, carbohydrates, and 

lipophilic compounds like fats and waxes (Swift 1996).   

Humic substances contain single and multiple substituted aromatic rings (Swift 

1996).  The substitutions are composed of amino, carboxyl, hydroxyl, and carbonyl 
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groups (Cornelissen 1999).  In addition, aliphatic units, with chain lengths varying 

from 1 to 20 carbons, are attached to the aromatic groups (Swift 1996).   

The role of these components can be seen in Figure 2.1, which depicts an illustrative 

natural organic matter structure.  Although displayed here in a two-dimensional 

manner, natural organic matter has a complex, dynamic three-dimensional structure 

in which various parts of the molecule interact with each other, mineral surfaces, and 

metal oxides.   

Figure 2.1: Example Natural Organic Matter Structure (Adapted from 
Schulten, 1993) 

The varying "stiffness" of the natural organic matter depends on the range of 

rotational freedom of the linkages of the natural organic matter (Cornelissen 1999).  

Aliphatic regions have more rotational freedom than aromatic regions.  Some regions 

of the natural organic matter may be "stiffened" by hydrogen bonds or polar 

interactions (Cornelissen 1999). 
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The random assembly of the organic matter means that there are voids throughout the 

natural organic matter structure.  Static portions of the organic matter create some of 

these voids, although some voids can also form in more dynamic sections of the 

organic matter.   

The macro structure of natural organic matter molecules is not clear (Conte and 

Piccolo 1999).  Some researchers hold that natural organic matter consists of cross-

linked large polymers of various organic matter constituents (humic and fulvic 

materials, polysaccharides, partially decomposed cellular material, humins) that have 

coiled or linear configurations based on the solute properties (Conte and Piccolo 

1999).  Other researchers contend that natural organic matter consists of aggregates 

that are relatively small subunits (sugars, amino acids, aliphatic and aromatic 

components) mainly held together by weak hydrophobic forces rather than cross-

linking (Conte and Piccolo 1999; Simpson et al. 2001).  In either case, the edge of a 

natural organic matter molecule is likely to be highly solvated, charged, and polar, 

while the center of the molecule consists of a denser hydrophobic core (Cornelissen 

1999).  This suggests that natural organic matter has no distinct surface (Xing and 

Pignatello 1997). 

2.3.4. Soot 
There is no unambiguous term or definition for the highly condensed carbonaceous 

residue from incomplete combustion processes (Kuhlbusch 1995; Gustafsson et al. 

1997).  There exist numerous descriptions for this material:  soot, smoke, black 

carbon, carbon black, charcoal, spheroid carbonaceous particles, elemental carbon, 

graphitic carbon, and charred particles (Goldberg 1985; Gustafsson et al. 1997).  In 

this research, all highly condensed carbonaceous residue from incomplete 

combustion processes is defined as soot.   

Because of its highly aromatic structure and few functional groups, soot at ambient 

temperatures is chemically and biologically inert (Kuhlbusch 1995; Gelinas et al. 

2001).  Usually black, soot consists of 75-90% carbon by weight (Gustafsson et al. 

1997).  Nitrogen, oxygen, sulfur, and hydrogen make up a majority of the remaining 
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mass (Goldberg 1985).  Most soot has a density in the range of 1.9-2.1 g/cm3 

(Goldberg 1985). 

Soot is formed in the combustion of plants, wood, and petroleum products (Goldberg 

1985).  Each carbon source has a different soot structure:  oil burning results in more 

spherical particles with layered structures, coal produces varying types of structures, 

biomass combustion results in irregular and elongated structures. (Goldberg 1985).  

The chemical properties of the soot also vary with the source (Gelinas et al. 2001). 

Higher formation temperature results in more ordered, aromatic carbon structures 

(Goldberg 1985).  Soot formation is always accompanied by PAH formation 

(Goldberg 1985; Kuhlbusch 1995).  Three-to-eleven ring PAHs have been found 

associated with soot (Goldberg 1985).   

In general, soot can be thought of as a “super PAH,” or a highly conjugated and 

condensed carbonaceous matrix, with the primary structures being large aromatic 

structures (Figure 2.2).  Figure 2.2, which shows the structure of soot, can be 

contrasted with more random natural organic matter illustrated in Figure 2.1.  The 

soot displayed in Figure 2.1 has an elemental C/H ratio of approximately 4:1 (Rockne 

et al. 2000). 

The aromatic sheets shown in Figure 2.2 are stacked in three dimensional structures, 

in a manner similar to the graphite depicted in Figure 2.3.  The typical stacking 

structure alternates so that the carbons of every other layer are superimposed (Cotton 

and Wilkinson 1980).  In essence, soot consists of microcrystalline graphite carbon 

with varying attached functional groups.  In some soot the graphite structure may be 

so small as to only encompass a few unit cells (Cotton and Wilkinson 1980).   

The space between the sheets is a point of contention.  Traditionally soot has been 

described as non-porous.  However, that conclusion may be the result of analytical 

limitations.  Recent investigations suggest micropores (<2nm) exist between the 

aromatic sheets.  These interparticle pores may have surface areas on the same order 

of magnitude as external surface area. (Rockne et al. 2000). 
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Figure 2.2: Proposed Structure for Hexane Soot Produce in a Flame (Akhter 
et al. 1984) 

 
Figure 2.3: Structure of Graphite (Cotton and Wilkinson 1980)  
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2.4. What Are Possible Desorption Mechanisms of PAHs 
from Soils? 

There is extensive literature investigating the sorption/desorption mechanisms of non-

polar chemicals from soils and soil components.  Most of this research has taken a 

fundamental approach of investigating the sorption of one or two chemicals on clean soils 

(no soot or NAPLs present).  This approach has proven useful in elucidating possible 

mechanisms controlling the sorption of non-polar chemicals in soils.   

Field MGP soils, with tar, oil, and soot components, are more complicated systems.  

However, mechanisms controlling PAH release from MGP soils are likely to be similar 

to, or combinations of, the mechanisms that have been fundamentally developed.   

The first model developed for the sorption of non-polar chemicals in soil was 

conventional partitioning theory.  However, conventional partition theory cannot explain 

all sorption behavior observed in soils.  In the last decade other models been advanced to 

explain sorption in soils.   

This section reviews conventional partitioning theory, the proposed models, and evidence 

supporting and contending each model.  

2.4.1. Conventional Partitioning Theory 
The partitioning model is the traditional method to describe the sorption of non-polar 

hydrocarbons to natural organic matter.  In the partitioning model, the natural organic 

matter is viewed as a non-polar liquid phase.  The PAHs dissolve into and distribute 

evenly within the soil organic matter.  The driving force of this partitioning is the 

change in enthalpy of the PAHs leaving the aqueous phase, or, in other words, the 

hydrophobic nature of the PAHs.  There are no specific interactions between the 

natural organic matter and the PAHs (Xing and Pignatello 1997; Kohl et al. 2000; 

Goss and Schwarzenbach 2001).   

Sorption in the partitioning model is described with a normalized partition 

coefficient. 
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Liquid

Soil
d C

C
K = Equation 2.1 

To estimate sorption coefficients, an organic liquid (octanol) is often used as a 

surrogate for organic matter (which is viewed as a liquid in this model).  The octanol-

water partition coefficient (Kow) has been used to predict to an organic carbon-water 

partitioning coefficient (Koc).  To determine the overall partitioning coefficient (Kd) 

for the soil, the estimated Koc is multiplied by the fraction of organic (foc) that exists 

in the soil (Cornelissen 1999).  Aqueous concentrations can then be calculated from 

soil concentrations and Kd.   

 { }owocococd KfKfK Function*==  Equation 2.2 

For the partition model to be valid, sorption must be linear and noncompetitive, and 

show no hysteresis or concentration dependence. 

2.4.2. Problems with Conventional Partitioning Theory 
Significant data in the literature refute a generic partition model to describe sorption 

and desorption in natural organic matter.   

2.4.2.1. Non-linear Sorption 
Several studies have shown that at low concentrations, the sorption of non-polar 

compounds to soil is non-linear (White and Pignatello 1999; Kohl et al. 2000; 

Ramos et al. 2000; Braida et al. 2001).  The nonlinearity shows a decreasing 

affinity of the compound for the sorbent with increasing loading (Chiou and Kile 

1998; Braida et al. 2001).  The nonlinearity at low concentrations is illustrated in 

Figure 2.4.  Chiou and Kile found nonlinearity below 0.01 solubility for TCE 

(Chiou and Kile 1998). 

Nonlinear sorption has been shown to be solute-and sorbent-dependent (Chiou 

and Kile 1998).  Researchers have shown that the organic carbon-water partition 

coefficient (Koc) varies among the same compound on different soils and 

sediments, and, therefore, on differing natural organic matter (Huang and Weber 

1997; Chiou et al. 1998).  
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Figure 2.4: Typical Sorption Isotherm for Non-polar Chemicals to Soil 

2.4.2.2. Competitive Sorption 
In addition, nonlinear sorption of a non-polar solute has been shown to be 

suppressed (competition) by both polar and non-polar constituents (Xing and 

Pignatello 1997; Chiou and Kile 1998; Chiou et al. 1998).  Sorption of 

hydrocarbons to natural organic matter has shown concentration dependence 

(Chung and Alexander 1999). 

2.4.2.3. Kow Correlations 
Goss and Schwarzenbach have contested the Kow correlations (linear free energy 

relationships) with Koc.  The Kow-Koc correlations assume that the free energy of 

the transfer for the partitioning process is linear across multiple substrates.  The 

linear free energy relationship does not take into account any interactions (van 

der Waals, hydrogen bonding, etc.) between the sorbent and PAH (Goss and 

Schwarzenbach 2001).   
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Hence, the partition model cannot explain nonlinearity, competitive sorption or  

concentration dependence, all of which have been observed in sorption and 

desorption experiments. 

2.4.3. Overview of Proposed Models  
The limitations of the partitioning model have focused much effort on explaining 

sorption and desorption mechanisms of non-polar chemicals from soil organic matter.  

One of the more complex issues is explaining the reason for the slowly desorbing 

fraction.  This fraction can determine the long-term bioavailability of PAHs and 

which remediation technologies are feasible at a given MGP site.   

The proposed mechanisms controlling PAH desorption can be broadly classified as 

sorption and matrix transport mechanisms (Figure 2.5).  In this classification, the 

matrix transport mechanisms describe mass transfer limitations controlling the 

release of PAHs from soil.  The matrix sorption mechanisms describe enthalpy 

limitations controlling the release of PAHs from soil.   

Matrix Transport Matrix Sorption 

Pore Diffusion 

Structural Change

Polymer 

Hole Filling 

Reality

NAPL  

Soot  

Figure 2.5: Proposed PAH Sorption Mechanisms in Organic Matter 

In reality, there is likely more that one mechanism at work.  Nonlinear sorption and 

two-phase desorption are indicators of more than one mechanism controlling 

desorption.  In addition, nuclear magnetic resonance studies on hexafluorobenzene 

sorption in organic matter have shown a large continuum of local environments in 
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which hexafluorobenzene sorbs, indicating there are at least two modes of uptake 

(Kohl et al. 2000).  However, to simplify the discussion, the following review 

considers each mechanism individually. 

2.4.4. Matrix Transport Models 
The matrix transport models explain sorption as a mass transfer limited function of 

the soil matrix.  Although some matrix transport models account for solute/sorbent 

interactions, the slow desorbing fraction is primarily accounted for through matrix 

limitations. 

2.4.4.1. Pore Diffusion Model 
The traditional application of a pore diffusion model for soil applies Fick’s 

second law to spherical soil particle.  Inputs to the model include solute 

concentration, particle radius, bulk density, intraparticle porosity, tortuosity, and 

aqueous diffusion coefficient (Rugner et al. 1999).  Fast desorption in this model 

is attributed to compounds in large pores and near the surface of the particle.  

Slow desorption in this model is attributed to diffusion from the particle center 

and from micropores (<20 Å) (Werth et al. 2000).    

The composition of the pore walls is not defined.  However, in general, the pores 

in this model are interpreted to be pores in the mineral structure.  Sorption to 

mineral walls is complicated by the wide degree of possible sorption energy sites, 

size distributions of the pores, and degree of hydration (Wang et al. 2001). 

Support 

Several researchers have claimed that pore diffusion can account for slow 

desorption from the soil matrix.  This has been done by showing that the pore 

diffusion model can account for nonlinear and time dependent sorption. 

Rugner et al. found nonlinear sorption of phenanthrene to sand and limestone 

with low organic content.  They also found slow equilibrium times (greater than 

700-1000 days) for sorption of phenanthrene onto to those matrices (Rugner et 

al. 1999).  Other researchers have attributed a recalcitrant fraction of PCBs in 
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montmorillonite to the PCBs getting trapped in the interstitial layers of the clay 

(Uzgiris et al. 1995). 

Smectities (low-charged clays) have also been shown to have high sorption 

capacities for phenanthrene.  The capacities were attributed to crystal formation 

in nanopores of the clay (Hundal et al. 2001). 

Contention 

Several issues have been raised with modeling PAH desorption with a simple 

spherical pore diffusion model.  First, most soil particles are not spherical.  Soil 

particles exhibit large heterogeneity in shape, varying from fibrous to non-rigid 

sheet like structures (Leppard et al. 1998)  In addition, diffusion models still 

require a fitting parameter of immeasurable diffusion length (Werth et al. 2000). 

Second, as the PAHs penetrate pores that are the same size as the PAHs, the 

concept of a dissolved solute breaks down (Farrell et al. 1999).  Steric hindrance 

of the diffusion is not accounted for in the pore diffusion model.   

Wang et al. covered dry silica pores (150 Å and 20 Å pore diameters) with a 

monolayer of phenanthrene.  Water expelled the phenanthrene in the larger pores 

and the phenanthrene formed crystals.  In the smaller pores, there was no crystal 

formation.  This was attributed to the fact that there was no Fickian diffusion 

since the phenanthrene diameter was on the same order of magnitude as the pore 

structure (Wang et al. 2001). 

If diffusion through micropores (where steric hindrance is observed) is the 

dominant mechanism, then the slow desorption rate should increase with an 

increase in the molecular weight of the PAH.  However, this was not seen by 

Cornelissen et al. (Cornelissen et al. 1997a).  In addition, sterically hindered 

desorption through micropores (<2 nm) is expected to have activation energies in 

the 26-60 kJ/mol range.  However, PCE and TCE desorption from silica gel was 

reported to have activation energies of 15 kJ/mol (Farrell et al. 1999). 

Finally, most researchers conclude that when organic matter content exceeds 

approximately 0.1%, as it does in most MGP soils, organic matter dominates 
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sorption of non-polar hydrocarbons to soil matrices (Luthy et al. 1997a; 

Cornelissen et al. 1998; Rugner et al. 1999).  Ghosh et al. used a micro laser 

mass spectrometer to determine that PAHs on silica particles are associated with 

organic carbon deposits on the particles and not with bare silica regions (Ghosh 

et al. 2000).  Thus, diffusion through mineral pores is not likely to be a major 

mechanism controlling the slow desorption of PAHs from MGP soils. 

A modified pore diffusion model, the retarded pore diffusion model, takes into 

account that in soil organic matter exerts a greater thermodynamic affinity for 

hydrophobic compounds (Braida et al. 2001).  Conceptually the model is similar 

to the pore diffusion model, except that the pores are thought to be lined or have 

patches of organic matter.  Slow desorption in a modified pore diffusion model is 

limited by the diffusion out of the hydrophobic micropores (Werth et al. 2000).  

Werth et al. have shown that a one dimensional diffusion model from many 

hydrophobic micropores that have a gamma distribution of diffusion rate 

constants can predict slow desorption (Werth et al. 2000).  However, these 

models suffer from over-parameterization; they have so many parameters that 

any fit of experimental data does not mean that they represent reality. 

2.4.4.2. Structural Change Model 
The structural change model accounts for the slow desorbing fraction by 

assuming that chemicals penetrate organic micropores which deform to entrap 

the molecule (Kan et al. 1997).  The deformation can occur randomly, due to the 

presence of the molecule or the result of wetting and drying cycles.  Deformed 

pores can explain irreversible and slow desorption behavior (Xia and Pignatello 

2001).  Fast desorption is not directly addressed by this model. 

The hydration state of the organic matter will affect the structure.  Much of the 

macrostructure of organic matter is controlled by the hydrogen bonds among 

polar functional groups and bridging by metal cations.  The hydration of organic 

matter can disrupt the van der Waals forces and hydrogen bonds that hold the 

organic matter in rigid forms (Leboeuf and Weber 2000a; Borisover et al. 2001).  
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On a larger scale, pore walls are subject to the surface tension exerted by water 

menisci, which can lead to pore shrinkage and distortion (White et al. 1998).   

The structural change model is nearly independent of properties of the chemical 

of concern.  The slow desorption in the structural change model is  primarily a 

function of pore deformation (Chen et al. 2000). 

Support 

Several researchers have investigated the link between wetting and drying cycles 

and pore deformation.  It has been shown that wetting and drying cycles 

increased the amount of phenanthrene remaining in soil after degradation (White 

et al. 1997; White et al. 1998), decreased earthworm uptake (White et al. 1998), 

and decreased both the rate and extent of bacterial mineralization (White et al. 

1997).  Wetting and drying cycles after aging a sample increased the amount of 

phenanthrene available for earthworm uptake (White et al. 1998).  In other 

words, not only is the wetting drying cycle able to close pores, it can also open 

them. 

Another study aged spiked phenanthrene, pyrene, and benzo[a]pyrene in sewage 

amended soil for 525 days.  Extraction recovery amounts decreased over time 

(possibly indicating closing pores).  More PAHs were recovered after the soils 

were extracted with base that enhanced hydrolyzation of the organic matter than 

with either methylene chloride or butanol extraction (Northcott and Jones 2001).  

This indicates that PAHs were trapped in pores within the organic matter.  

Another study found that pyridine (which can form strong hydrogen bonds and 

proton-transfer complexes) uptake was assisted by polar solvents rather than 

suppressed due to competition.  The authors also concluded that the polar 

solvents break up organic matter interactions and make more pores available for 

sorption (Borisover et al. 2001) 

Other studies have shown that two pesticides of varying structures sorbed to 

organic matter at the same rate and extent as water.  This lack of dependence on 

chemical properties indicates that structural deformation may be controlling 

uptake into the pores (Belliveau et al. 2000).   
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Time-dependent desorption is also used to support the structural change model.  

However, there is no study available on the rates of change for organic matter 

structure (Deitsch et al. 2000). 

Contention 

Several researchers have questioned the structural change model.   Leboeuf and 

Weber reported a poor correlation between hysteresis and micropore capacity.  

Micropores are often the pores cited to undergo structural change.  A greater 

number of micropores would indicate a higher probability of entrapment and a 

resulting hysteresis.  However, Leboeuf and Weber cautioned that their results 

may be due to one outlying sample with high micropore capacity and no 

hysteresis (Leboeuf and Weber 2000b).   

A second study showed that caustic treatment (1 M sodium hydroxide) did not 

affect the desorption of chlorinated hydrocarbons from soil (Chen et al. 2000).  

Caustic treatment should open closed pores and increase desorption from soil.   

Johnson et al. treated peat with supercritical water, with the objective of 

changing the structure of the peat to a more aromatic soil.  The treated samples 

showed nonlinearity but did not display hysteresis as would be expected by the 

structural change model.  The authors concluded that the observed sorption was 

the result of adsorption onto the newly created surfaces rather than entrapment 

(Johnson et al. 2001).   

2.4.4.3. Polymer Model 
Polymer literature describes polymers as being of two major types:  rubbery and 

glassy.  Rubbery polymers, with their rotational freedom, behave similarly to 

fluids, within which Brownian motion and Fickian diffusion of solute molecules 

occurs.  The sorption/desorption behavior in rubbery polymers can be described 

using partitioning theory (LeBoeuf and Weber 1997).  Glassy polymers contain 

fixed, free-volume voids in which sorbing molecules can be immobilized, 

resulting in non-linear adsorption behavior (LeBoeuf and Weber 1997).  

 28



 

Migration of solutes through glassy polymers depends on the slow relaxation of 

the polymer structure.  

Natural soil organic matter is not a strict polymer, since it has no repeating units 

(Xing and Pignatello 1997).  However, as described above, the structure of 

natural organic matter is similar to a polymer, with regions containing highly 

mobile components and regions containing highly rigid and structured 

components.  The rubbery natural organic matter is thought to be composed of an 

expanded, amorphous, fluid-like, lightly cross-linked, highly oxidized carbon 

state that is in the early stages of the humification process, such as humic and 

fulvic acids (LeBoeuf and Weber 1997).  This rubbery state would provide a 

linear, noncompetitive partitioning medium for hydrocarbons (White and 

Pignatello 1999).  The rubbery state could be a contributing factor to the initial 

fast release of the hydrocarbons from the soil to the aqueous phase. 

Conceptually, the distinction between rubbery and glass is one of degree.  The 

glassy natural organic matter is thought to be condensed, relatively rigid, more 

aromatic, and highly cross-linked; the end result of conversion of rubbery 

"younger" carbon (LeBoeuf and Weber 1997).  Hydrocarbons migrating through 

this matrix become entrapped in pre-existing, high energy voids that are stable on 

relatively long time scales (Xing and Pignatello 1997).  The reduced aromatic 

and aliphatic carbons of the glassy natural organic matter are less likely to be 

hydrated and remain in a relatively condensed state (Huang and Weber 1997).  

The aromatic structures are extremely stiff, resulting in a reduction of molecular 

mobility (LeBoeuf 1999).  In addition, a high level of cross-linking (by van der 

Waals or covalent bonds) can restrict the mobility of the natural organic matter 

(LeBoeuf 1999).  The relaxation times of glassy polymers are long and depend 

on the solute concentration (Luthy et al. 1997a).  Diffusion of solute molecules 

into and out of glassy natural organic matter is thought to be responsible for 

slow, nonlinear, competitive, non-Fickian desorption (Leboeuf and Weber 

2000a). 
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In essence, the polymer model (or dual reactive domain model) is a two-part 

three-parameter model with a linear partitioning domain (rubbery portion) and an 

adsorption domain (glassy portion) that accounts for nonlinear sorption.  At high 

concentrations partitioning dominates as void sites fill (Leboeuf and Weber 

2000b).   

Support 

Support for the polymer model is drawn from the fact that as glassy polymers are 

heated they transition from a glassy state to a rubbery one.  The temperature at 

which this occurs is called the glass transition temperature.  Glass transition 

temperatures have been identified in lignins and humics (Leboeuf and Weber 

2000a).  In addition, linear, non-hysteresis sorption has been correlated with a 

dominance of the rubbery state (as determined by the glass transition 

temperature), while nonlinear sorption showing hysteresis has been correlated 

with a glassy state dominance (Leboeuf and Weber 2000b).  Transition 

temperatures have also been related to elemental and functional group 

composition.  More aromatic peat humc acids were found to have higher 

transition temperature than do fulvic acids from a stream (Young and Leboeuf 

2000).  Other researchers, using NMR and X-ray scattering, have found evidence 

of crystalline domains composed of poly(methylene) chains in various organic 

matter matrices (Hu et al. 2000). 

In addition, activation energies for the slowly desorbing fraction of PAHs and 

PCBs were measured in sediment samples.  The values were constant for all the 

compounds studied (60-70 kJ/mol) and similar to activation energies for 

diffusion through polymers.  Such values are roughly twice the activation energy 

for diffusion through micropores (20-40kJ/mol) (Cornelissen et al. 1997b).  

Cornelissen et al. also looked at the sorption of hexafluorobenzene to sediments, 

activated carbon, glassy polystyrene, and rubbery polyacetal with Solid-State 

MAS 19F NMR.  The sediments, activated carbon, and glassy polystyrene all 

were similar with two resonance regions.  The rubbery polyacetal had only one 
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region.  As a result, the authors concluded that organic matter is a nanoporous 

material similar to a glassy polymer (Cornelissen et al. 2000).   

Contention 

There is evidence that the polymer model as described by soil researchers does 

not describe all sorption.  The primary evidence against the polymer model as 

propose by LeBoeuf and Weber is the lack of the models ability to explain the 

difference between polar and non-polar solutes (LeBoeuf and Weber 1997).  The 

model allows for no interaction between the solute and sorbent; therefore, the 

model dictates that polar and non-polar molecules behave in the same manner 

(Chiou and Kile 1998).  Polymer literature contains several extensions of the 

polymer model that allow for different behavior between polar and non-polar 

solutes.  However, at this point, these extensions of the simple polymer model 

have not been applied to soils.   

Others have used diffusion calculations to show that the glassy domain in the 

polymer model must be micrometers thick.  If the glassy region is that thick, then 

various sized compounds should have different diffusion time scales due to the 

size-dependent diffusion in glassy polymers.  However, this is not seen in the 

data (Luthy et al. 1997a). 

The proponents of the polymer model also provide some unexplained results.  No 

glass transition temperature was found for kerogen (a geologically aged, “glassy” 

carbon).  All glassy polymers should have a transition temperature.  The authors 

attribute this to possible detection limitations (Leboeuf and Weber 2000a).  Also, 

competitive sorption has been seen to occur in a matter of hours.  This is 

unexpected, since the polymer model accounts for competitive sorption in only 

the glassy domain.  It is presumed that the non-polar compound would have to 

migrate through rubbery domain prior to reaching the glassy domain, delaying 

the effect of competitive sorption.  Supporters of the polymer model have 

explained this as the fact that the glassy domain must be near the surface (White 

and Pignatello 1999). 
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2.4.4.4. Hole Filling Model 
The hole filling model accounts for dual mode sorption:  equilibrium, linear 

dissolution and nonlinear, micro-void, hole filling (Xing and Pignatello 1997).  

With the hole filling model, the organic matter is a bulk partitioning medium that 

contains a finite number of small, rigid voids or holes.  Molecules in those holes 

can interact with the surfaces.  The holes are non-uniform in size and sorption 

energy (Kohl et al. 2000).  Sorption in the holes is energetically more stable than 

phase dissolution in organic matter (Xia and Pignatello 2001). 

Conceptually, the hole filling model is not required to be independent of the 

polymer model.  One characteristic of traditional glassy polymers is the presence 

of unrelaxed free-volume.  This volume is present in nanometer-sized voids or 

pores.  Studies of polymers shows that mobility of molecules in holes is 

substantially lower than mobility of molecules in the dissolution (rubbery) 

domain (White and Pignatello 1999).  In natural organic matter, the microvoids 

are primarily associated with the more condensed fraction (Leboeuf and Weber 

2000a).   

Support 

Support for the hole filling model is similar to that for the polymer model.  Much 

of the data that supports one model could be applied to support the other.  The 

major support for hole filling mechanism is evidence of competitive sorption.  

The hole filling model predicts that the chemicals in the holes should be subject 

to competitive sorption.   

Pyrene was shown to suppress the sorption of phenanthrene to soil and increased 

the linearity of the phenanthrene sorption isotherm to the soil.  This result was 

interpreted to be due to filling or plugging of holes by pyrene.  This would allow 

the remaining phenanthrene to sorb linearly in the partitioning domain (White 

and Pignatello 1999).  The presence of anthracene or pyrene increased the 

amount of aged phenanthrene removed using a mild extractant.  This competitive 

sorption (pyrene and anthracene displacing phenanthrene) is possibly illustrative 

of a hole filling mechanism (White et al. 1999). 
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Activated carbon has been modeled with the polyani model (which accounts for 

partitioning and hole filling).  However, the polyani model does not match low 

concentration isotherms in soils (Xia and Pignatello 2001).  To account for the 

low concentration isotherms, proponents of the hole filling domain have 

extended the model to account for swelling (or plasticization in a polymer sense) 

of the sorbate (Xia and Pignatello 2001). 

Contention 

The major detractors of hole filling domain cite studies that show of lack of 

competition between non-polar molecules.  Chen et al. did not see competitive 

sorption in the “irreversible” fraction of polar solutes (Chen et al. 2000).  Chiou 

and Kile also saw low competition between non-polar molecules (Chiou and Kile 

1998), 

The hole filling mechanism does not address the varying sorption capacities for 

polar and non-polar substances (Chiou et al. 2000).  The hole filling domain 

provides a finite volume for the “irreversible” sorbing fraction.  Kan et al. found 

that the amount in the irreversible fraction varied with initial naphthalene 

concentration (Kan et al. 1997).  Chiou and Kile also saw unequal nonlinear 

capacities and unequal saturation points. (Chiou and Kile 1998)   

In addition, the hole filling mechanism requires time.  “Irreversible” sorption has 

been seen on a short time scale (Kohl et al. 2000). 

2.4.5. Sorption Models 
Sorption models explain desorption from soils through solute/sorbent interactions.  

Although most of the matrix transport models attempt to explain both fast and slow 

desorption, in general, the sorption models seek to explain only one part of 

desorption from soils.  Fast release can be explained by absorption, or bulk phase 

partitioning.  Slow release from soils can be attributed to adsorption, or surface 

interactions.   
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2.4.5.1. NAPL Absorption Model 
Traditional partitioning theory relies on the absorption of PAHs into a fluid-like 

natural organic matter.  The problems with this mechanism (nonlinearity, two 

phase desorption) have been outlined in Section 2.4.2. 

At MGP sites, however, absorption may be an important mechanism.  Many 

MGP sites have residual tars, oils, and other NAPLs present.  PAHs may linearly 

partition into such amorphous fluid phases and account for the fast desorption 

(Braida et al. 2001). 

Support 

There have been investigations that pertain to the role NAPLs play in the release 

of hydrocarbons to aqueous phase in the soil matrix.  Haeseler et al. established 

with pyrolysis/oxidation methods that organic matter in five MGP soils was 

similar to coal tars.  This suggests that the PAHs in the soils were associated with 

the coal tar fractions (Haeseler et al. 1999).  Boyd and Sun found that NAPLs 

provided a partitioning media for hydrocarbons that was ten times more effective 

than natural soil organic matter (Boyd and Sun 1990).  Zwiernik et al. found that 

the presence of a petroleum phase in soil increased soil-water distribution 

coefficients of polychlorinated biphenyls (PCBs) and decreased the 

bioavailability of the PCBs (Zwiernik et al. 1999).   

Predicting the distribution of the hydrocarbons in a NAPL water system is done 

using Raoult's Law, which assumes that the equilibrium solubility of the species 

dissolved in an organic liquid will be roughly proportional to the product of pure 

species solubility and the mole fraction of that species in the organic liquid 

(Luthy et al. 1997b).  Ramaswami and Luthy used Raoult's Law to predict the 

dynamic changes in equilibrium as PAHs dissolved from a NAPL (Ramaswami 

and Luthy 1997).  Luthy et al. used Raoult's law to approximate PCB dissolution 

from oils (Luthy et al. 1997b).   

However, application of Raoult's Law is complicated because the average 

molecular weight of the compounds in the NAPL must be determined 

(Ramaswami et al. 1997).  Coal tar is a NAPL that is difficult to characterize 
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because it consists of mixture of hundreds of compounds (Peters and Luthy 

1993).   

At MGP sites, kinetics may still play a role in desorption from tars and oils.  

Overall, predicting desorption from NAPLs is limited by liquid-liquid mass 

transfer issues:  diffusion of the PAH through the NAPL phase, dissolution at the 

interface, and diffusion away from the NAPL-water interface into the bulk water 

phase.  The slowest of these three steps will control the rate of dissolution.  In 

general the time scales of these processes are thought to be small enough so as 

not to contribute to the slowly desorbing fraction (Lee et al. 1998).   

However, NAPL residuals at MGP sites often have aged for years prior to site 

investigation.  After years of aging, a semi-gelatinous film may form at the coal 

tar-water interface.  This film appears to be made up of a mixture of water and 

NAPL.  The film may be held together with hydrogen bonds that form with the π 

electrons of the PAH (Luthy et al. 1997a). The film increases interfacial mass 

transfer resistance across the NAPL-water interface (Lee et al. 1998).   

In addition, mass transfer is limited by the effective water-NAPL surface area of 

the NAPL, which is difficult to estimate because the NAPL may displace water 

from pores.  Finally, the NAPL may also interact with natural organic matter 

(swelling the organic matter or binding to it), altering the properties of both 

medium (Lee et al. 1998).   

Contention 

This model can not be applied to soils that do not contain NAPL.  Thus, this 

model may not useful to explain PAH release from some MGP site soils.  In 

addition, a majority of the issues outlined in Section 2.4.2 for the partition model 

also affect NAPL absorption.  Aged NAPL may account for time-dependent 

desorption.  However, aged NAPL should not be affected by competitive and 

nonlinear sorption.   
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2.4.5.2. Soot Adsorption Model 
Another explanation for the slow desorbing fraction of non-polar compounds 

from soils is the presence of high-surface-area carbonaceous material, or soot.  

Large amounts of soot provide a large adsorption surface to which PAHs can 

adsorb.   

Van der Waals forces control the reactions between PAHs and the soot.  Dipole-

dipole (keeson energy), dipole-induced dipole (debye energy), and induced 

dipole-induced dipole (London dispersion energy) interactions all contribute to 

van der Waals forces.  However, for PAHs and soot, induced dipole-induced 

dipole interactions dominate adsorption (Goss and Schwarzenbach 2001).  The 

aromatic nature of soot and PAHs allow for favorable induced dipole-induced 

dipole interactions, since the π  electrons of aromatic structures are held more 

loosely than electrons of carbon-carbon or carbon-hydrogen bonds (Cuypers et 

al. 2001).  The interactions of the π bonds of PAHs and the π bonds of soot may 

result in limitations in desorption (Gustafsson et al. 1997).  It is hypothesized that 

some PAHs are held within the aromatic planes of soot structure (Gustafsson et 

al. 1997).   

In addition, the PAH/soot interactions are highly dependent on the number and 

type of functional groups present on the surface (Goss and Schwarzenbach 2001).  

The mere presence of soot does not mean that strong PAH sorption will occur 

because there are considerable physicochemical differences between lampblack, 

coal and charcoal (surface area, functional groups, etc.) (Bucheli and Gustafsson 

2000).  Polar functional groups will disrupt PAHs interactions with the soot. 

Support 

Several studies have separated soot particles and the rest of the soil fraction.  For 

PAHs, soot can have a stronger impact on sorption than natural organic matter 

(Harkins et al. 1987).  Milwaukee harbor sediment was found to have 62% of 

PAHs associated with coal and wood particles that comprised of 5% of the 

weight.  The activation energies of coal particles (115-139 KJ/mol) were found to 

be larger than the activation energies of the PAH associated with the clay (37-41 

 36



 

KJ/mol).  Two studies have shown nonlinear sorption in soot enriched fractions.  

The soot free fractions showed linear sorption (Chiou et al. 2000; Karapanagioti 

et al. 2000).   

Two other studies have found PAHs located near the surface of soot particles 

(Bucheli and Gustafsson 2000; Ghosh et al. 2000).  It was hypothesized that π 

bonds allow PAHs to form monolayers on soot, but the interactions are strong 

enough to lead to extended layering (Bucheli and Gustafsson 2000).  If the PAHs 

adsorb to the surface of the soot, there should not be time-dependent sorption 

(Kohl et al. 2000).  This accounts for observations of rapid sorption of PAHs and 

hexafluorobenzene in soils (Kosian et al. 1999; Kohl et al. 2000).   

Field data point to soot as having significant impact on sorption of PAHs and the 

bioavailability of PAHs in the environment (Harkins et al. 1987; Maruya et al. 

1996; Gustafsson et al. 1997).  Gustafsson et al. showed that PAH concentration 

(circles in left graph of Figure 2.6) varied with soot carbon levels (solid squares 

right graph of Figure 2.6) at varying sediment depths (left axis of both graphs in 

Figure 2.6) and not natural organic matter (open squares on right graph of Figure 

2.6) (Gustafsson et al. 1997).  

PCB Concentration 

Figure 2.6: Variation in PAH and PCB Concentrations, Organic Carbon and 
Soot Carbon Levels with Sediment Depth (Gustafsson et al. 1997) 

The interactions of the π bonds of PAHs with the π bonds of soot are supported 

by the fact that PAHs have much higher partition coefficients than less planar 
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PCBs and the fact that PCB partition coefficients are predicted more accurately 

with natural organic-matter-based partition models (Gustafsson et al. 1997).  This 

can also be seen in Figure 2.6, in which the PAH concentration variation with 

sediment depth matches the variation of soot levels.  However, the PCB 

concentration variation does not match the soot level variation in the sediment. 

Studies have correlated the presence of more aromatic material with decreased 

PAH toxicity to the crustacean Daphnia magna (Perminova et al. 2001) and earth 

worm Lumbriculus variegatus (Kosian et al. 1999).   

Soils with more aromatic organic material have also been shown to have higher 

Koc values (Ahmad et al. 2001).  PAHs exhibit higher Koc values than other polar 

chlorinated solutes, indicating the PAHs are interacting with the aromatic 

components in organic matter (Chiou et al. 1998).  

Measurements of soot partition coefficients to soot materials have shown Ksoot to 

be 1.1-4.4% of activated carbon partitioning coefficients, Kac (Accardi-Dey and 

Gschwend 2002).   However, when normalized for surface area, Ksoot was found 

to approach Kac (Bucheli and Gustafsson 2000).  Ksoot is not a constant number.  

Ksoot for sediments has been found to be different that Ksoot for NIST diesel soot 

(which also was shown to have a different structure) (Accardi-Dey and 

Gschwend 2002). 

Several researchers have suggested that a combined partition/adsorption model is 

able to explain non-polar desorption phenomena from soils (Gustafsson et al. 

1997; Xia and Ball 2000; Karapanagioti et al. 2001; Accardi-Dey and Gschwend 

2002).  Gustafsson et al. proposed the first two compartment equilibrium model 

(Gustafsson et al. 1997): 

 sootsootococd KfKfK +=  Equation 2.3 

Accardi-Dey and Gschwend propose the most recent adaptation of the 

Gustafsosn et al. model (Accardi-Dey and Gschwend 2002): 

 38



 

  Equation 2.4 1n-
wsootsootococd CKfKfK +=

For this model, at high PAH concentrations, linear partitioning to organic matter 

dominates.  The model deals with low PAH concentrations with non-linear, 

surface adsorption to soot (modeled with a Fruendlich isotherm).  Using Equation 

2.3 and approximating Koc with Kow and Ksoot with Kac has been shown to provide 

reasonable Kd estimates (Karapanagioti and Sabatini 2000).   

Contention 

The soot model is not universally accepted.  Most of the support for the soot 

adsorption model (and to some extent the other models) relies on macro methods 

for drawing a sharp line between two fractions for a matrix that contains a 

continuity of adsorption sites.  In addition, the methods and the data that support 

this model assume (without demonstrating) that PAH reactivity with the organic 

matter is correlated to the physical structure of organic matter (Luthy et al. 

1997a). 

Several investigators have refuted the assertion that PAHs prefer to associate 

with aromatic organic content.  Chefetz et al. found that the aromatic domains of 

six organic matter types (humin, humic acid, etc.) negatively correlated with Koc.  

However, the aromatic NMR domain did include polar aromatic structures 

(Chefetz et al. 2000).  Kopinke et al. concluded that their data on pyrene sorption 

to dissolved humic substances illustrates that aliphatic substances may be a better 

partitioning mechanism than aromatic moieties (Kopinke et al. 2001). 

Accardi-Dey showed that sorption in a sediment reached equilibrium in a matter 

of hours.  After the same sediment was thermally treated so that only soot-type 

organic matter remained, the sample took nearly a day to reach equilibrium 

(Accardi-Dey and Gschwend 2002).  This would not be expected if surface 

adsorption was the dominant sorption mechanism.   

2.4.6. Reality 
Organic material in MGP soils is a complex, dynamic, heterogenic system consisting 

of natural and anthropogenic components (Luthy et al. 1997a).  Table 2.6 reviews the 
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proposed mechanisms that have been suggested to explain the sorption/desorption 

process of non-polar organics from soils.  The models differ in explaining the slow 

desorbing fraction, activation energies, time required to reach sorption equilibrium, 

and whether they are subject to competitive sorption effects. 

Table 2.6. Summary of Proposed Sorption Mechanisms 
 Fast 

Fraction 
Slow 

Fraction 
Activation 

Energy 
Equilibrium 

Time Competitive 

Pore 
Diffusion 

Surface 
Penetration 

Deep 
Penetration Low Large No 

Structural 
Change - Pore 

Deformation High Large Yes 

Polymer Partitioning Glassy 
Regions High Large Yes 

Hole Filling Partitioning Entrapment 
in Holes High Large Yes 

NAPL 
Absorption Partitioning Aged NAPL Low Small No 

Soot 
Adsorption - Adsorption High Small Yes 

These mechanisms are not necessary independent of each other.  They are, more 

accurately, various views or descriptions of the same phenomena.  For example, a 

soil might contain organic matter-lined pores.  The organic matter might be dynamic 

enough to entrap non-polar chemicals.  Once entrapped, another view of the same 

chemical is that it has partitioned into a rubbery phase of a polymer-type organic 

matter.  After a period of time that chemical may migrate through the rubbery phase 

until it reaches a hard region that contains a micro void.  The chemical then might fall 

into that void and become tightly bound.  However, another view of that same 

chemical is that it has adsorbed tightly to soot that is suspended in an aged NAPL 

region. 

Even if one of these proposed mechanisms is better at modeling reality, the 

desorption of non-polar chemicals from soil is likely not dominated by one 

mechanism in all soils.  The fact that several researchers have collected conflicting 

data (e.g., competitive vs. noncompetitive sorption) indicates that the 

 40



 

sorption/desorption mechanism is likely a soil-specific property.  For example, the 

mechanism that controls desorption in peat may or may not contribute significantly to 

desorption in MGP soils.  In fact, due to soot and NAPL presence, PAH desorption in 

MGP soils is likely to be highly influenced by enthalpy limitations rather than mass-

transfer limitations.  However, given the wide variety in MGP soils, a one-

mechanistic explanation is not satisfactory for every MGP soil. 

On the other hand, it may be possible to elucidate the mechanisms that controls 

desorption for a specific MGP soil.  In addition, the conditions at which certain 

desorption mechanisms dominate may be tied to certain MGP processes or soil 

characteristics. 

2.5. Summary 
Thousands of decommissioned MGP sites may still pose a risk to human health and the 

environment.  The residues that remain at each MGP site vary with the size, type, and 

feedstock of the MGP process that was employed.  Each site also has varying amounts of 

mineral, NAPL, natural organic matter, and soot, to which PAHs may be sorbed.   

Several mechanisms have been proposed to explain non-ideal desorption (non-linear 

sorption, time-dependent desorption) of PAHs from soils.  These mechanisms seek to 

explain non-polar desorption from soils using mass transfer or enthalpy limitations.   

The objective of this research is to gain evidence as to which mechanisms influence the 

release of PAHs from various MGP soils.  Knowledge of the mechanisms will enable 

proper remedial actions and bioavailability assessments at a given MGP site.
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3. Materials and Methods 
From an analytical view, there are two major measurable quantities pertaining to PAH 

desorption mechanisms from a soil.  First, the soil matrix can be characterized.  Second, PAH 

desorption characteristics can be determined.   

The soil matrix was characterized by several methods.  Investigations were undertaken to 

characterize the organic carbon, which dominates sorption in the soil matrix.  PAH release 

characteristics were investigated using kinetic experiments and desorption enthalpy 

experiments.  Both methods were used to elucidate desorption mechanisms.   

Twelve MGP samples were investigated in this study:  seven from oil gas sites (OG1, 2, 5, 

10, 17, 18, 20) and five from coal gas sites (CG 1, 2, 3, 11, 12).  These samples had 

characteristics that were not typical of soils.  Thus, for the remainder of this discussion, the 

solids acquired from the MGP sites will be referred to as samples.  The origins and 

descriptions of the samples are described in Section 4.1. 

3.1. Sample Characterization Investigations 
To determine the role organic carbon plays in the release of PAH from MGP samples, a 

series of analyses were used to quantify and characterize the sample matrix. 

3.1.1. Moisture Content 
The objective of a moisture content analysis is to determine the amount of water that 

is lost in a ~103°C environment over a roughly 12-hour period.  The difference in the 

initial and final mass is defined to be the mass of water in the sample.  The dry 

weight moisture contents were determined by dividing the mass of the water by the 

mass of the dry sample.  The moisture content procedure followed EPA method 

160.3 (USEPA 1983).  For most samples, 20-30 grams were used for the moisture 

content analysis.  In instances where less than 30 grams of sample was available for 

analysis, roughly 5 grams of sample was used. 
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3.1.2. Total Petroleum Hydrocarbons (TPH) 

Total petroleum hydrocarbon (TPH) analyses were used to quantify all extractable 
hydrocarbons from each sample.  This gravimetric TPH method was adapted from 
EPA methods 3630 and 3540 (USEPA 1998).   

The TPH procedure used was as follows.  Five to ten grams of each sample were 
weighed into a beaker.  To break up the organic matter, the sample was acidified with 
two to three drops of concentrated hydrochloric acid.  The sample was dried with 12 
grams of magnesium sulfate.  The mixture was poured into Whatman Cellulose 
Extraction Thimble (25 mm x 100 mm) and placed in a soxhlet apparatus.  A clean 
glass wool plug was used to prevent the sample from splashing out of the thimble 
during the extraction.  Approximately 300 mL of methylene chloride in a boiling 
flask was cycled through the thimble over 18 hours of extraction.  The extract was 
then passed through silica gel to remove polar compounds.  A glass wool plug and 
stopcock held roughly 10 grams of silica gel in a 50 cm tall, 2.5 cm diameter glass 
column.  To ensure that air bubbles did not create short-circuiting in the silica gel, the 
silica was pre-wetted with 50 mL of clean methylene chloride.  Stirring with a long 
glass rod removed remaining air bubbles.  Keeping the stopcock drops just 
discernible from a steady flow assured a slow, relatively constant flow of the extract 
through the silica gel.  The extract dripped onto 2 grams of sodium sulfate that was 
held in a funnel with Whatman Ashless, 155 mm, 41 grade, filter paper.  The sodium 
sulfate assured that there was no water contamination in the methylene chloride that 
could foul the gravimetric analysis.  The methylene chloride was allowed to drip into 
a preweighed, clean boiling flask. 

Once all the extract had passed through the column, the column was rinsed with 
roughly 100 mL of clean methylene chloride.  The methylene chloride was removed 
from the boiling flask using a Labconco rotary evaporator with a bath temperature of 
50°C.  After the sample was evaporated to dryness, solvent fumes were removed with 
a vacuum, and the boiling flask was placed overnight in a dessicator.  The next day 
the boiling flask was reweighed.  The mass of TPH was defined as the change in the 
mass of the boiling flask.   
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3.1.3. Total Organic Carbon (TOC) 
Four methods were used to quantify the total organic carbon (TOC) present in the 

sample:  Modified Mebius, Walkley-Black, Thermogravimetric Analysis, and 

Thermal Oxidation. 

3.1.3.1. Modified Mebius 
The Modified Mebius procedure uses a heated, chemical (potassium dichromate 

(K2Cr2O7) and sulfuric acid (H2SO4)) oxidation of the organic carbon in the 

sample matrix (Swift 1996).  After digestion, the unoxidized K2Cr2O7 is 

quantified with a titration to determine the amount of K2Cr2O7 consumed (initial 

minus unoxidized).  The organic carbon content is determined by relating the 

amount of dichromate reduced to organic carbon present (Equation 3.1). 

Equation 3.1 O8H3CO 4CrHeat  16H  3C  O2Cr 22
30-2

72 ++⇒+++ ++

Approximately 0.1 grams of sample was placed into a 75 mL block digester tube.  
After adding the sample, 10 mL of 0.5 N K2Cr2O7 and 15 mL of concentrated 
H2SO4 were added to the digester tube.  Two sets of blanks were prepared with 
just K2Cr2O7 and H2SO4 to normalize for any losses.  One set of blanks was 
subjected to heat, and one set was put aside.  The tubes were then boiled on a 
Skalar 5620/40 block digester at 100°C for 30 minutes.   

After digesting the solution was diluted with 60 mL of Millipore treated water 
and transferred to a 125 mL Erlenmeyer flask.  After rinsing the tube with water, 
200 µL of indicator solution (1 g of N-phenylanthranilic acid and 1.07 g of 
sodium carbonate per L) were added to each flask.  Each sample was titrated with 
0.2 N ferrous ammonium sulfate hexahydrate solution to a colorimetric endpoint 
(change from violet to bright green).  The difference in titration volumes between 
the blank and the sample is proportional to the amount of organic carbon in 
sample.  The boiled blank volume was corrected for the amount of CrO7

-2 lost to 
thermal oxidation.  This correction was done by comparing the titration volume 
to the unboiled blank. 
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3.1.3.2. Walkley-Black 

The Walkley-Black method is nearly identical to the Modified Mebius method, 
except that no external heat is applied to the system.  The lack of heat leads to 
incomplete oxidation of the recalcitrant carbon in the sample.  However, 
comparing the Walkley-Black results to the Modified Mebius results does reveal 
the relative oxidation potential of the carbon.  This analysis was performed by the 
Colorado Analytical Laboratory (Brighton, CO), using ASA2 29-3.5.2 (Page et 
al. 1982).  The analysis was not performed on OG 1, OG 20, or CG 1. 

3.1.3.3. Thermogravimetric Analysis 

Thermogravimetric Analysis determines the organic carbon content of the sample 
by heating the sample until the carbon components volatilize.  The carbon 
content is determined by measuring the weight loss during the course of the 
experiment.  This analysis was conducted under the supervision of Dr. Steven 
Hawthorne of the Energy and Environmental Research Center at the University 
of North Dakota.  Dr. Hawthorne is a collaborator on this project.   

The Thermogravimetric Analysis was accomplished by placing approximately 
0.07 grams of sample in a DuPont 2100 thermogravimetric analyzer.  The sample 
was first heated in a nitrogen atmosphere to 110°C and held for 10 minutes.  Any 
mass lost was defined as water.  The sample was then heated in the nitrogen 
environment to 650°C and held for 20 minutes.  Any mass lost under these 
conditions was defined as “volatile” organic carbon.  Finally, oxygen was 
introduced to the system while the sample was held for 20 minutes at 650°C.  
Any mass lost under these conditions was defined as “fixed” organic carbon.  
With this analysis, organic carbon content is defined at the sum of the fixed and 
volatile carbon mass. 

3.1.3.4. Thermal Oxidation 

Thermal Oxidation determines the organic carbon content of a sample by 
thermally oxidizing the carbon in a sample.  The purpose of this method was to 
differentiate between soot and non-soot carbon.  With this analysis, total organic 
carbon content is defined as the sum of the soot and non-soot carbon mass. 
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The volatile organic carbon was removed by heating the sample to 375°C in the 
presence of oxygen.  Gustafsson et al. showed that 375°C is an adequate 
delineator between soot and non-soot carbon (Gustafsson et al. 1997).  The 
nonvolatile carbon was then oxidized by heating the sample to 550°C.  This is 
based on USEPA method 160 for volatile solid analysis (USEPA 1983).  
Carbonates and other factors that may interfere with this procedure were not 
removed prior to analysis. 

For each sample, approximately 25 grams of sample was weighed in an 
aluminum dish.  All samples were done in triplicate.  A DFC Kiln Model D12H 
muffle furnace was adjusted to heat to 375°C.  The furnace cycled over a period 
of approximately 25 min.  The furnace turned off upon reaching 375°C.  After 
cooling to 340°C, the furnace would heat again to 375°C.  The cooling was the 
result of two one-inch ventilation holes in the oven door.  The samples were 
placed in the oven for 24 hours.  Upon removal and slight cooling, the samples 
were put into desiccators for further cooling.  The cool samples were weighed.  
Mass lost in this 375°C procedure (corrected for water content) was assumed to 
be non-soot carbon. 

The samples were then placed in a 550°C Thermolyne FA1740 muffle furnace 
for three to five hours.  Upon removal and slight cooling, they were put into 
desiccators for further cooling.  The cool samples were weighed.  Mass lost 
between 375°C and 550°C (corrected for water content) was assumed to be soot 
carbon.   

3.1.4. Elemental Analysis 
Elemental analyses of the samples were conducted to gain insight on the structure 
and polarity of organic carbon.  The elemental analyses determined the weight 
percent of carbon, hydrogen, nitrogen, and sulfur in the sample.  These analyses were 
conducted under the supervision of Dr. Steven Hawthorne at the University of North 
Dakota. 

A Leeman Labs model CE 440 elemental analyzer was used to determine the carbon, 
hydrogen, and nitrogen mass percentages.  Sulfur was determined by combustion and 
iodometric titration with a LECO model HF10 sulfur analyzer. 
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3.1.5. Nuclear Magnetic Resonance 
Solid-State Cross-Polarization Magic Angle Spinning Nuclear Magnetic Resonance 

(CPMAS NMR) was performed by the University of Texas at Austin, Department of 

Chemistry and Biochemistry's analytical services laboratory.  The purpose of this 

analysis was to obtain information on the structure of the carbon in the sample.   

Each sample was air-dried overnight in a hood and then crushed with a mortar and 

pestle.  Approximately 0.1 grams of a sample was placed in a zirconium sample 

holder for analysis.   

The CPMAS NMR was performed using a Varian (formerly Chemagnetics) CMX-

300 machine.  Data was collected and analyzed with Spinsight 4.1 software.  The 

NMR was conducted at a frequency of 75.3 MHz and 10,000 rpm spin rate.  After 

two dummy pulses, 8,000 acquisitions were completed with a 3-microsecond pulse 

and 10 millisecond contact time.  The pulse acquisition time was approximately six 

seconds with a pulse delay time of six seconds. 

3.2. Kinetic Experiments 
In an effort to elucidate the mechanism controlling the desorption of PAHs from MGP 

samples, a series of desorption experiments were conducted to determine the kinetics of 

PAH release.  Several studies were done to validate the applicability of the desorption 

experiments to MGP samples.  In addition, the kinetics of the release of deuterated PAHs 

spiked onto the samples was investigated.   

3.2.1. Rate of Release Experiments 
In the rate of release (ROR) protocol, sample, water, and XAD2 (non-ionic 

styrene/divinylbenzene polymeric adsorbent) are mixed in a series of batch reactors.  

As the PAHs are released from the sample and into the aqueous phase, the PAHs sorb 

onto the XAD2.  The XAD2 acts as an infinite sink, theoretically keeping the aqueous 

concentration at zero.  By sacrificing reactors over a period of time, an estimate of 

the kinetics of the release of PAH from samples or sediment can be determined.  This 

approach has been used by several investigators (Cornelissen et al. 1997a; Berg et al. 
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1998; Williamson et al. 1998; Hulscher et al. 1999; Cornelissen et al. 2001; Johnson 

and Weber 2001). 

The assistance of others researchers in completing the ROR experiments on all the 

samples was vital in this effort.  Michael Lamar conducted the ROR experiments on 

CG 2, CG 3, CG 11, and CG 12.  Jeffery Oxenham conducted the ROR experiments 

on OG 1 and OG 20.  Matthew Webster assisted in conducting the CG 1 ROR 

experiment.  These individuals were part of the project team associated with the 

overall project effort.   

3.2.1.1. Laboratory Protocol 
In the ROR protocol, sample, water, and XAD2 are placed in series of test tube 

vials (Figure 3.1).  For each sample, a ROR experiment required the preparation 

of roughly 70 15 mL test tubes.  Each vial contained 0.45 to 1.9 grams of dry 

sample.  For samples with high TPH concentrations, less mass was used to avoid 

saturating the XAD2.  The exact mass of sample used in each experiment also 

varied with moisture content (Table 3.1).   

Figure 3.1: Batch Reactor for Rate of Release Studies  
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Table 3.1: Mass of Sample Used in ROR Studies 

Sample 
Mass Sample Used 
in Each ROR Vial 

(dry weight) 
OG 1 1.81 
OG 2 1.00 
OG 5 1.61 
OG 10 0.45 
OG 17 0.49 
OG 18 0.53 
OG 20 1.80 
CG 1 1.90 
CG 2 1.58 
CG 3 1.36 
CG 11 1.66 
CG 12 1.38 

For each ROR experiment, 7 of the 70 vials were selected randomly.  In these 

vials, the sample was dried with magnesium sulfate and set aside for subsequent 

analyses to determine the initial PAH concentrations in each sample. 

Each remaining vial was half-filled with a solution containing 0.01 N calcium 

chloride (CaCl2) and 0.02% (weight) mercuric chloride (HgCl2).  The HgCl2 was 

used to inhibit microbial growth.  The CaCl2 was used to enhance flocculation.  

Using a plugged glass tube attached to a vacuum, roughly 1.2 grams of XAD2 

was added to each test tube.  The half-filled vial was stirred on a vortex mixer for 

five to ten seconds.  The vial was then filled with the CaCl2/HgCl2 solution, 

sealed with a Teflon cap and placed in a ~10 rpm end-over-end tumbler.  The 

samples were tumbled until sacrificed for analyses at different periods of time. 

The vials were sampled in triplicate at roughly 2, 4, 5, 8, and 12 hours and 1.0, 

1.5, 2.5, 4, 7, 12, 21, 35, 49, 63, 77, 91, 105, and 119 days.  At each sampling 

time, the vials were centrifuged, and the floating XAD2 removed and dried with a 

plugged pipette attached to a vacuum.  At days 1, 35, 63, 91, and 119, the water 

was removed from the vials and the remaining solids were dried with magnesium 

sulfate for subsequent analysis. 
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Each dried sample and the XAD2 was extracted with 5 mL of methylene chloride.  

After the overnight batch extraction, the methylene chloride was removed from 

the XAD2 vials with a pipette.  The solid matrix samples were centrifuged prior 

to methylene chloride removal. 

3.2.1.2. Gas Chromatograph Analysis 
The methylene chloride extracts were analyzed using a gas chromatograph (GC).  

The purpose of this section is to provide a detailed reference on GC use as it 

applies to the ROR procedure for samples containing PAHs.   

Standards Used 

The primary chemicals of concern in the samples studied were PAHs.  To 

analyze for a broad range of PAHs, standards were created from both neat 

chemicals and commercial standards.  The commercial standard, Restek 

(Bellefonte, PA) Semi-Volatile calibration mix standard (#31011), contained the 

following PAH at a concentration of 2,000 mg/L in methylene chloride:  

naphthalene, acenaphthylene, acenaphthene, fluorene, phenanthrene, anthracene, 

fluoranthene, pyrene, benz[a]anthracene, chrysene, benzo[b]fluoranthene, 

benzo[k]fluoranthene, benzo[a]pyrene, indeno[1,2,3-cd]pyrene, 

dibenzo[a,h]anthracene and benzo[g,h,i]perylene.  The last three six–ring PAHs 

did not consistently meet quality assurance/quality control standards and were 

not analyzed in this research.  Benzo[b]fluoranthene and benzo[k]fluoranthene 

were consistently difficult to separate on the GC columns, and were integrated as 

one peak reported as benzo[b,k]fluoranthene. 

Most of the samples analyzed also contained 1-methylnaphthalene, 2-

methylnaphthalene, and benzo[e]pyrene.  These PAH were purchased as neat 

compounds (1-methylnaphthalene, Chemservice, #0-787; 2-methylnaphthalene 

Chemservice, #0-788; benzo[e]pyrene, Supelco (Bellefonte, PA) #44-2475.  A 

2,000 mg/L standard of each PAH was made by dissolving 0.02 grams of PAH in 

10 mL of methylene chloride.   
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A 200 mg/L standard solution of all the PAH was made by combining the above 

Restek standard with the neat compound solutions; 1 mL of each solution was 

placed into a 10 mL volumetric flask, which was then topped of with clean 

methylene chloride.  Serial dilutions of the 200 mg/L standard solution were used 

to create PAH standards ranging from 0.2 mg/L to 200 mg/L.  

To minimize the influence of GC fluctuations, internal standards were added to 

all samples and standards.  The internal standard was made from three neat 

chemicals purchased from Supelco (Bellefonte, PA):  2,4,6-trichlorophenol (#4-

8518), pentachlorophenol (#48555), and butyl benzyl phthalate (#44-2503).  An 

internal standard solution of 2,000 mg/L of each chemical was created by 

dissolving ~0.02 grams of PAH in 10 mL of methylene chloride. 

All standards and internal standards were stored in Teflon sealed 5 mL glass vials 

at –18o C and were remade every 2-3 months to prevent deterioration due to 

photo-oxidation and volatilization losses. 

Sample Preparation 

The standard and sample vials were prepared identically.  A gas-tight SGE Series 

II 250 µL syringe was used to deliver 200 µL of the standard or sample to a 250 

µL Agilent flat-bottom glass insert placed inside a Agilent 2 mL amber GC auto-

sample vial.  Next, 4 µL of the internal standard was delivered to the insert with a 

5 µL SGE Series II syringe.  The vial was then sealed with a screw-top cap 

holding an Agilent Teflon-lined septa.   

Some of the methylene chloride extracts from the samples were too concentrated 

to be analyzed with the standard curves.  The extracts of these samples were 

reanalyzed in diluted amounts.  In these cases, a smaller amount of methylene 

chloride extract was added to the vial, and then clean methylene chloride was 

added until the total volume in the GC vial equaled 200 µL.  For example, an 8 

times dilution factor was achieved by placing 25 µL of methylene chloride 

extract and 175 µL of clean methylene chloride in the insert.  SGE Series II gas 

tight syringes of 10, 25, 50 and 100 µl were used for the dilutions. 

 51



 

The syringes used were rinsed three times in semi-clean methylene chloride 

(clean except for the fact that dirty syringes withdrew rinsing volumes) followed 

by rinsing three times with clean methylene chloride between prepping each 

sample vial.  The rinse methylene chloride was discarded.  The syringes were not 

rinsed between preparing the standard vials from the lowest to highest 

concentration. 

GC Operation 

The methylene chlorine extracts were analyzed on a Gas Chromatograph (GC).  

All GC work was done using a Hewlett Packard 5890 Series II Plus GC with a 

Hewlett Packard 6890 Autosampler.  The GC procedure followed EPA method 

8015B (USEPA 1995).  All extracts and standards were injected using methylene 

chloride as the solvent.  The Restek Rtx-5 column and Agilent BTX-5 columns 

are similar columns used for aromatic hydrocarbons and environmental samples.  

Data were recorded and analyzed using EZChrom software. 

The order of the vials on the auto-sampler was the same for each GC run.  Two 

blanks (200 µL of clean methylene chloride with 4 µL of the internal standard) 

vials began each run.  The PAH standard curve vials followed from lowest to 

highest concentration.  After another blank, a check standard vial (usually 10 

mg/L) was next.  GC Quality Assurance/ Quality Control (QA/QC) is described 

in Section 3.4. 
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Table 3.2: GC Setup and Operational Conditions 

Analytical Column Restek Rtx-5 or Agilent BTX-5 
Type 95% dimethyl-5%diphenyl polysiloxane 
Size 30 m 

 0.32 or 0.25 mm ID 
 0.25 µm df 
Guard Column SGE deactivated column 

Type Deactivated methyl 
Size 5 m 

 0.32 mm ID 
Injector 300°C 
Detector Flame Ionization Detector, 300°C or Photo 

Ionization Detector, 280°C 
Gases  

Carrier Helium (~30 cm/s) 
Make-up Nitrogen, Helium 
Auxiliary Hydrogen, air 

Pressure1 ~15 psi @ 35°C 
Ramp With temperature 

Temperature1 35°C for 1 min 
Typical Ramp 10°C/min to 280°C 

Held at 280°C for 5 min 
10°C/min to 320°C 
Held at 320°C for 10 min 

1The pressure and temperature settings varied slightly throughout the 
research.  The indicated values are given as examples. 

After the first check standard, eight samples were placed on the auto-sampler.  

The remainder of each GC run consisted of a repeating ten-vial sequence:  a 

blank, a standard check, and eight samples.  To ensure the validity of the 

standard curve and prevent GC drift over long times, the runs were limited to 85-

100 vials (~100 hours). 

After rinsing the syringe three times with 5µL from the current vial, the 

autosampler injected 1 µL from the vial into the GC’s split-splitless injector.  

Afterwards, the auto-sampler rinsed itself four times with clean methylene 

chloride.   

After each run, the GC’s injection septa, direct inject insert, and O-ring were 

replaced.  In addition, the guard column was cut and a new injector ferrule was 

installed to prevent buildup of heavy compounds in the column.  After this 
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general maintenance, the GC was baked out at ~300oC overnight to remove 

unwanted contaminants from maintenance residues and long-term contaminant 

buildup. 

Chromatogram Integration 

The EZChrom software was used to integrate all peaks.  Valley-to-valley 

integration was used for most peaks.  Horizontal baselines were used to analyze 

peaks that eluted on the tail of other peaks.  This commonly occurred for 

benz[a]anthracene, chrysene, and benzo[b,k]fluoranthene.   

Concentration Calculations 

Comparing the standards of known concentration to the internal standard 

response ratio (the ratio of the area of the PAH of interest over the area of the 

internal standard eluting nearest to the PAH) generated the standard curves.  The 

standards were used to generate three five-point linear standard curves with an R2 

value usually above 0.99.  Table 3.3 summarizes the curves used and 

concentration ranges to which they were applied.  An Excel spreadsheet 

automatically determined which curve to use, based on the internal standard 

response ratio. 

Table 3.3: Standard Curves 

Curve Standards Used (mg/L) Range Curve Used (mg/L) 
1 0.2, 0.5, 1.0, 1.5, 2.0 0.2-2.0 
2 1.0, 5, 10, 15, 20 2.0-20 
3 1, 50, 100, 150, 200 20-200 

Concentrations were calculated using Equation 3.2 and Equation 3.3 after the 

appropriate standard curve was selected (SC = Standard Curve).  
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3.2.1.3. Data Analysis 
The final PAH concentrations in the samples were not analyzed in every ROR 

vial.  To normalize the release data, the total mass of PAH in each vial needed to 

be determined.  Two methods were used to quantify the total PAH mass in each 

vial.  In the first method, seven vials were randomly selected prior to the addition 

of water or XAD2.  These vials were dried and extracted.  After extracting and 

analyzing for PAHs, the PAH mass from the seven vials was averaged to 

determine an initial PAH mass.  The second method used a mass balance 

approach with the samples from 1, 35, 63, 91, and 119 days.  In these samples 

both the XAD2 and sample were analyzed for PAHs.  The total of the PAH mass 

in the vial was determined by adding the mass of the PAHs found in the XAD2 to 

the mass of the PAHs remaining in the solid sample for each vial.  For each of 

the five mass balance determinations, the total PAH mass found in each vial was 

averaged over triplicate samples.   

The two methods resulted in six values (one initial, five mass balance) for the 

total PAH mass in each vial.  The maximum of six values was used to normalize 

the XAD2 data for all the vials, since a release of greater than one does not 

represent the physical system.   
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Curve Fit 

Typically in soils and sediments, there is an initial fast release of a hydrocarbon 

from the sample to the aqueous phase followed by a slower release of the 

remaining hydrocarbon.  Most of the samples showed this two-phase release.  To 

compare the release to other sample parameters, a mathematical model was used 

to quantify the relative amount of fast and slow release.  The data were modeled 

using an empirical two-site model, consisting of two first-order expressions: 

Equation 3.4 
( ) ( )[ ]tktk eet

21 F1F1
S
X

max

−− −+−=








 t = time (days) 

 X(t) = mass of chemical on XAD2 after time t (mg) 

 Smax = total mass of chemical in sample (mg) 

 X(t)/Smax = fraction of chemical released after time t 

 F = fraction of chemical released quickly 

 (1 – F) = fraction of chemical released slowly 

 k1 = first order rate constant describing quickly released fraction (day-1) 

 k2 = first-order rate constant describing slowly released fraction (day-1) 

This model has been used for the release of non-polar compounds from soil by 

several other investigators (Cornelissen et al. 1997b; Berg et al. 1998; 

Williamson et al. 1998; Johnson and Weber 2001; Northcott and Jones 2001).  

The Microsoft Excel Solver subroutine was used to determine a best fit for the 

release data (Equation 3.4).  The parameters of the model fit were F, k1, and k2.   

3.2.1.4. ROR Sample Preparation 
Unlike previous samples analyzed using the ROR procedure, nine of the samples 

used in this study (all but CG 1 and CG 20) had noticeable fractions that float in 

water.  This property creates problems for the application of the ROR procedure 

to MGP samples.  When a ROR vial is being sampled, the XAD2 has to be 
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separated from the sample or sediment sample.  This has been done traditionally 

by centrifuging the vial.  The sample settles to the bottom and the separated 

XAD2 floats on the surface where it can be easily be removed and analyzed. 

However, when the high carbon content samples were mixed with XAD2 and 

centrifuged, the XAD2 did not completely separate from the sample.  A 

significant fraction of the sample remained floating on vial surface with the 

XAD2.  Hence, the XAD2 could not be separated and analyzed for PAHs.   

Several ideas were investigated to overcome the XAD2/sample separation 

problem.  These investigations can be broken into three groups:  surface 

properties, density separation, and density fractionation. 

Surface Properties 
The first hypothesis investigated to separate the XAD2 and sample was that the 

surface properties of the sample were different enough from the XAD2 to allow 

for separation.  This hypothesis was briefly pursued using electrical and chemical 

means. 

To investigate electrical surface properties, XAD2 and a sample were mixed in a 

vial.  The floating fraction was removed and dried.  If the electrical properties of 

the XAD2 and the floating sample were different enough, an applied electric field 

would separate the two components.  An inflated balloon was rubbed on the 

investigator’s head to generate a charged field on the balloon surface.  The 

charged balloon was placed near the dried XAD2/floating sample mixture.  There 

was considerable movement of both the XAD2 and the floating sample.  

However, applied field did not result in a separation of the XAD2 and the floating 

sample. 

Two chemical additives were used to try and separate the XAD2 and the floating 

sample.  Calcium carbonate and calcium hydroxide are both chemicals used in 

the water treatment industry to destabilize particles and create an enmeshing 

precipitate called “sweep floc.”  Both calcium carbonate and calcium hydroxide 

were added in increasing doses to mixtures of XAD2 and the floating sample.  
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Neither chemical, at any concentration, had any effect on the XAD2/floating 

sample mixture. 

Density Separation 

The second hypothesis was that once the XAD2 and the floating sample were 

removed from the vial they could be separated by changing the density of fluids 

in which they were placed.  The density of clean XAD2 was found to be 

approximately 0.96 g/cm3.  Hence, by placing the XAD2 and the floating sample 

in a fluid with a density of 0.97 g/cm3 all the sample particles with a density of 

0.97 to 1.0 g/ cm3 would sink.  By placing the remaining floating sample and 

XAD2 into a new solution with a density of 0.95 g/ cm3, the XAD would sink 

separating it from the remaining floating sample.   

Ethanol and ammonia hydroxide were both used to make aqueous solution with 

the proper densities.  Increasing concentrations of both chemicals resulted in 

decreasing solution densities.  Both chemicals were tested using a mixture of 

XAD2 and sample OG 10, which roughly had a 35% floatable portion in water 

(density of water:  1.0 g/cm3). 

Ethanol was investigated first.  At 20% by volume ethanol, an aqueous ethanol 

solution has a density of 0.97 g/cm3.  Most of the added OG 10 sample and 

XAD2 remained floating.  At 30% by volume ethanol, an aqueous ethanol 

solution has a density of 0.95 g/cm3.  All the XAD2 and a majority of the OG 10 

sample sank.  The density of the liquid was lower than that of the XAD2 (which 

may have changed with the absorption of ethanol).  The 0.95 g/cm3 density liquid 

was poured off and pure water placed into the beaker containing the sample and 

XAD2.  Even after repeated washing in this manner, the XAD2 and sample did 

not rise again.  Apparently, the XAD2 and sample had either sorbed enough of 

the ethanol or the ethanol had allowed enough penetration of water into air filled 

pores to raise the densities of the XAD2 and sample to greater than that of water.  

Hence, ethanol could not be used to separate XAD2 and floating sample. 

Ammonia hydroxide was investigated as a chemical that would interact less with 

the XAD2 resin.  However, in solutions of 30% ammonia hydroxide (the most 
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concentrated readily available), XAD2 and sample did not sink.  A pure 30% 

ammonia hydroxide solution at 20ºC should have a density of 0.90 g/cm3.  It is 

likely that at these concentrations the ammonia hydroxide interacted with the 

XAD2. 

Neither of these density separation approaches proved feasible to separate the 

XAD2 from the floating sample. 

Density Fractionation 

The final approach investigated in this research was to separate the sample into 

floating and sinking fractions.  By assuming that the floating fraction was similar 

in composition, or at least contained a relatively minor fraction of the PAHs of 

interest, just the sinking fraction of the sample could be used in the ROR 

analysis.   

Sieve Preparation 

Prior to the density fractionation, the samples were sieved with a U.S. Standard 

Testing Sieve #10 (2 mm opening) as the ROR protocol requires.  Samples OG 2 

and OG 5 were processed through the sieve without any difficulty.  However, the 

remaining three samples had carbonaceous material that did not pass through the 

sieve.  For OG 10 and OG 17, the sample was crushed with a mortar and pestle 

prior to sieving.  Sample OG 18 contained rubbery carbonaceous material that 

did not pass through a #10 sieve nor was crushable with a mortar and pestle.  

This material was placed blender and cut with a metal spatula until it passed 

through a #10 sieve.  All the CG samples passed through the sieve with the 

assistance of a mortar.  Table 3.4 summarizes the recovery percentages of the 

sieving process for the OG samples.  Only the mass passing the #10 sieve was 

used for the density fractionation described below. 
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Table 3.4: Percent Passing #10 Sieve During ROR Sample Preparation 

Sample Passing Mass 
Percent 

Not Passing 
Mass Percent

Unrecovered 
Mass Percent 

OG 2 99% 0.8% 0.4% 
OG 5 97% 2.2% 1.2% 
OG 10 98% 0.4% 1.5% 
OG 17 96% 2.9% 1.1% 
OG 18 94% 1.9% 3.8% 

Density Fractionation Method   

The density fractionation was done by placing 120-180 grams of the sample and 

650 mL of ROR solution (0.01 N CaCl2 and 2% HgCl2) in a one-liter centrifuge 

bottle.  The mixtures were mechanically shaken for ten minutes and centrifuged 

for 30 minutes.  Next the floating fraction and water were drawn off using a 

vacuum flask.  The floating sample/water mixture was then drawn through a 0.2 

µm filter.  The water passing through the filter was visibly clear and analyzed as 

the water fraction below.  The floating sample was allowed to dry for 1-2 

minutes on the filter with the applied vacuum.  The filters were then scraped off 

with a spatula to collect the floating sample samples.  The fraction that did not 

float in the centrifuge bottle was also dried on a 0.2 µm filter with a vacuum.  

The filter was scraped to collect the non-floating sample samples.   

Moisture Content 

Moisture contents were needed to determine the initial, floating, and sinking dry 

masses.  The moisture content procedure followed the method described above, 

except that 5 grams of sample were used for the sinking fractions, and 0.5-1 

grams were used for the floating fractions due to sample size limitations.  The 

sinking fraction moisture contents for OG samples were done in triplicate.  All 

OG floating fraction moisture contents, except OG 10, were only conducted once 

due to sample size limitations.  The OG 10 floating fraction moisture contents 

were done in triplicate.  For the CG samples, the moisture contents were measure 

in triplicate for initial sample, conducted once for the sinking fractions, and not 

measured in the floating fractions.   Table 3.5 summarizes the moisture content 
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data.  All data presented is on a dry weight basis.  The coefficients of variation 

(COV) are the standard deviation divided by the average moisture content. 

Table 3.5: Moisture Contents of Initial, Floating and Sinking Fractions (dry 
weight basis) for ROR Sample Preparation 
Initial Floating Sinking 

Sample Moisture 
Content COV 

Moisture 
Content COV 

Moisture 
Content COV 

OG 2 25.6% 1.0% 90.5% NA 64.8% 2.3% 
OG 5 9.6% 6.8% 26.5% NA 25.9% 12.0% 

OG 10 19.4% 5.3% 55.0% 1.6% 55.9% 4.5% 
OG 17 4.4% 0.5% 89.0% NA 42.3% 2.8% 
OG 18 10.3% 2.4% 33.9% NA 25.5% 5.1% 
CG 2 11.4% 22.4% Not measured 26.7% NA 
CG 3 6.9% 26.1% Not measured 46.8% NA 
CG 11 6.8% 79.4% Not measured 20.6% NA 
CG 12 15.0% 0.7% Not measured 45.3% NA 

With the moisture contents determined, the dry mass of initial, floating, and 

sinking sample samples could be determined.  Table 3.6 summarizes the dry 

mass for the three components.  The unrecovered mass is the sum of the dry 

floating and sinking mass subtracted from the dry initial mass.  The unrecovered 

mass is likely a result of three issues:  first some of the small particles remained 

imbedded within the filter and could not be scraped off; second, there was some 

mass that could not be removed from the one-liter mixing container; third, 

uncertainties in moisture contents propagate into the dry mass data. 
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Table 3.6: Dry Mass (g) of Initial, Floating and Sinking Fractions of Sample 
Sample Initial Sinking Floating Unrecovered 

OG 2 121.03 97.43 17.74 5.85 
OG 5 139.10 133.68 1.76 3.66 
OG 10 175.53 102.97 62.12 10.45 
OG 17 145.45 137.35 1.55 6.55 
OG 18 166.48 163.88 1.64 0.96 
CG 2 Not measured 281.04 1.671 Not determined 
CG 3 Not measured Not measured Not measured Not determined 

CG 11 219.9 211.16 1.781 6.97 
CG 12 Not measured 331.20 4.201 Not determined 

1The moisture content of the floating fraction was not determined.  The reported 
values are on a wet weight basis, and therefore are a maximum value. 

Table 3.7 presents the same data as in Table 3.6 as a percentage of the total initial 

mass.  Since the initial, floating, and sinking masses were not measured for CG 3, 

further analysis was not possible.  However, it is assumed that it behaved in a 

fashion similar to the other CG samples that were from the same site.   

Table 3.7: Mass Percent of Floating and Sinking Fractions of Sample 
Sample Sinking  Floating Unrecovered 

OG 2 81% 15% 5% 
OG 5 96% 1.3% 3% 
OG 10 59% 35% 6% 
OG 17 94% 1.1% 5% 
OG 18 98% 1.0% 1% 
CG 2 99%1 0.6%1 Not determined 

CG 11 96%2 0.1%2 3%2 
CG 12 99%1 1.3%1 Not determined 

1The moisture content of the floating fraction and the mass of the 
unrecovered fraction was not determined.  The reported values are 
estimates using the conservative wet weight floating fraction and dry 
weight sinking fraction. 
2The moisture content of the floating fraction was not determined.  The 
reported values are on a wet weight basis, and therefore are a maximum 
value. 

Samples OG 5, OG 17, OG 18, CG 2, CG 11, and CG 12 all had relatively small 

amounts of mass that floated.  For these samples, it was important to show that 
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the PAH mass on the floating fraction was relatively small compared to the PAH 

mass on the sinking fraction. 

OG 2 and OG 10 had a significant mass percent that floated.  There likely was a 

significant percentage of the PAH mass in the floating fraction.  Hence, it was 

important to show that floating and sinking fraction have similar PAH 

distributions.  Matching PAH distributions indicate that the release characteristics 

of the two fractions will likely be similar. 

Extraction Analysis 

To determine the PAH mass and PAH distributions on the various fractions, the 

floating and sinking samples were extracted.  The OG samples and the CG 

samples were extracted with different procedures.  The OG samples were 

extracted with a batch extraction and the CG samples were analyzed with a 

soxhlet extraction. 

The OG samples were extracted in the following manner.  Magnesium sulfate 

was used to dry 0.50 grams of each sample in a test tube.  To each test tube, 5 mL 

of methylene chloride was added.  The samples were tumbled for 12 hours and 

centrifuged.  The PAH containing methylene chloride was removed and analyzed 

using a gas chromatograph (GC) with a flame ionization detector (FID) as 

indicated in Section 3.2.1.2.  All sinking fractions were extracted in triplicate, as 

was the floating fraction of OG 2 and OG 10.  The remaining floating fractions 

(OG 5, OG 17, OG 18) were extracted once due to sample size limitations. 

Roughly 5 grams of each CG sample was used in triplicate for the analyses of the 

sinking fraction of the CG samples.  The entire mass of the floating fraction was 

used for the single soxhlet extractions.   The samples were dried with magnesium 

sulfate before being placed into an extraction thimble.  The thimble was then 

placed in a soxhlet apparatus and extracted for 18 hours.  The extract was 

condensed and analyzed on gas chromatograph mass spectrometer (CG/MS) as 

described below. 
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In addition to analyzing the solid fractions, the water used in the separation was 

also analyzed to ensure that no PAHs were transferred to the water phase during 

the separation procedure.  All of the water passing through the 0.2 µm filter was 

placed in a 1 L separatory funnel and extracted three times with 100 mL of 

methylene chloride.  The resulting 300 mL of methylene chloride was passed 

through sodium sulfate to remove any water and then condensed to 10 ml.  The 

condensed extract was then analyzed on the GC-FID.   

This analysis was conducted on the OG samples only.  None of the OG samples 

showed more than 2% of any PAH mass in the water used for separation.  Most 

PAHs were not detected in the aqueous phase. 

Results 

The objective of the extractions was to determine if discarding the floating 

fraction would significantly impact a rate of release experiment.  Minimal impact 

requires one of the following criteria to be met: 

1. The PAH mass on the floating fraction was relatively small compared to the 

PAH mass on the sinking fraction.  The overall release characteristics of the 

sample were expected to be dominated by the sinking fraction.   

2. The floating and sinking fraction have similar PAH distributions.  Identical 

PAH distributions indicate that the release characteristics of the two fractions 

will likely be similar. 

Samples OG 5, OG 17, OG 18, CG 2, CG 11, and CG 12 all had relatively small 

amounts of mass that floated.  To determine the applicability of the first criteria, 

the PAH concentrations on floating and sinking fractions were multiplied by the 

mass of the respective fractions, to give the mass of PAH on floating and sinking 

fractions.  To determine the mass percent of the PAH on each fraction, the PAH 

mass on each fraction was divided by the sum of the PAH mass on the floating 

and sinking fractions.  Gaps in the data are due to detection limitations.  Figure 

3.2 and Figure 3.3 illustratively show that for these samples, the PAH mass on 

the floating fraction was small compared to the PAH mass on the sinking 
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fraction.  Similar figures for OG 18, CG 2, CG 11, and CG 12 can be found in the 

appendix (Section A). 

OG 2 and OG 10 had a significant sample mass percentage that floated.  There 

was a significant percentage of the PAH mass in the floating fraction (over 20% 

for some PAHs, Figure A.5 and Figure A.6 in Appendix).  For these samples 

(OG 2 and OG 10), it was important to show that PAH distribution on the 

floating and sinking fractions were similar.  Figure 3.4and Figure 3.5 illustrate 

that the distributions were similar.  This indicates that the composition and the 

release characteristics of the two fractions should be comparable. 
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Figure 3.2: PAH Distribution on OG 5 
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Figure 3.3: PAH Distribution on OG 17 
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Figure 3.4: PAH Concentrations for OG 2 Fractions 
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Figure 3.5: PAH Concentrations for OG 10 Fractions 
Uncertainty Estimates 

Using the sinking fraction of a sample for the ROR experiments to represent the 

entire sample introduces uncertainty into the curve fit parameters.  The total fast 

release from the entire sample, FSoil, is a combination of the fast released fraction 

from the sinking fraction, FSink, and the fast released fraction from the floating 

fraction, FFloat.  This combination is dependent upon the mass of PAH in each 

fraction, P (Figure 3.2 through Figure 3.5), as shown in Equation 3.5.  All 

variables in Equation 3.5 vary from 0 to 1. 

Equation 3.5 FloatFloatSinkSinkSoil P F  P F F +=

FSoil is the release that would be measured by a ROR experiment on the entire 

sample (if it were possible).  FSink is the release from the sinking fraction that has 

been measured by the ROR experiment and will be redefined as FMeasured for the 

remainder of this discussion.  PSink and PFloat are also known parameters (Equation 

3.5).  The uncertainty in FSoil in this analysis is due to the unknown FFloat value.  

The worst-case scenarios values of FFloat are either 0 or 1. 
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If there is no release from the floating fraction, FFloat must be equal to 0.  In this 

case FSoil becomes a function of FMeasured and PSink (Equation 3.6). 

Equation 3.6 SinkMeasured MinimumSoil, P F F =

If all the PAHs are released from the floating fraction, FFloat must be equal to 1.  

In this case, Equation 3.5 reduces to Equation 3.7. 

FloatSinkMeasured MaxiumumSoil, P   P F F += Equation 3.7 

Phenanthrene in OG 10 is used as an example of this analysis.  The FSink for 

phenanthrene was found to be 0.15, and Psink was 0.75.  The terms FSoil, Minimum 

and FSoil, Maximum estimate the maximum uncertainty in F introduced by using this 

density fractionation method.  The maximum range of FSoil for phenanthrene 

would be 0.11 to 0.34: 

( )( ) 0.110.750.15 P F F SinkMeasured MinimumSoil, === Equation 3.8 

( )( ) 0.340.250.750.15 PP F F FloatSinkMeasured MaximumSoil, =+=+= Equation 3.9 

Table 3.8 summarizes, for each sample, the uncertainty introduced (FSoil -FMeasured) 

by using the fast released fraction from the sinking, FMeasured in place of total fast 

release from the entire soil, FSoil.  In other words, the values in Table 3.8 are the 

largest possible difference between FMeasured and FSoil.  

Table 3.8: Uncertainty in F Introduced by Density Fractionation 

Sample 
Sinking 
Mass 

Fraction, 
PSink  

Maximum 
Underestimate
FSoil, Min.-FMeasured. 

Average  
Underestimate
FSoil, Min.-FMeasured.

Maximum 
Overestimate 

FSoil, Max.-FMeasured. 

Average  
Overestimate

FSoil, Max.-FMeasured.

OG 2 81% -0.03 -0.01 0.37 0.14 
OG 5 96% -0.01 -0.01 0.09 0.06 

OG 10 59% -0.04 -0.02 0.29 0.18 
OG 17 94% -0.01 -0.00 0.02 0.01 
OG 18 98% -0.01 -0.00 0.02 0.01 
CG 2 99% -0.01 -0.01 0.02 0.01 
CG 11 96% -0.00 -0.00 0.02 0.01 
CG 12 99% -0.00 -0.00 0.00 0.00 
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For samples OG 5, OG 17, OG 18, CG 2, CG 11, and CG 12 (all samples with 

relatively small amounts of mass that floated), the maximum difference between 

a possible FSoil and FMeasured is 0.09.  The average numbers are significantly 

smaller than the ROR experiment 95% confidence limits that account for 

laboratory and curve fitting error (Table 4.6 and Section 5.1.2).  Hence, for these 

six samples the uncertainty introduced by density fractionation is minimal.  The 

FMeasured is a good estimator of FSoil.   

For OG 2 and OG 10 (samples with larger floating fractions), there were larger 

differences between a possible FSoil and FMeasured.  However, the maximum 

FMeasured for these to samples was 0.24.  In addition, the floating and sinking 

fractions had nearly identical compositions.  Estimating a maximum FSoil using a 

release of 1 for the floating fraction is unrealistic in this case.  The uncertainty 

due to the density fractionation, listed in Table 3.8, for these samples is 

extremely conservative.  Since the floating and sinking fractions have nearly 

indistinguishable compositions, the measured FMeasured is still a good estimator of 

FSoil.   

On the basis of the evaluations discussed in this section, the floating fraction has 

no significant impact on the PAH fast release fraction, F.  Therefore, in all 

analyses in this research, the fast release from the sinking fraction, FMeasured, is 

referred to as F (FSoil). 

Summary 

Many of the MGP samples contained fractions that floated in water.  The floating 

sample interfered with the separation of the XAD2.  It has been demonstrated in 

this section that, for each sample, the floating fraction either contained minimal 

PAHs or had PAHs concentrations that were consistent with the sinking fraction.  

Hence, all samples except OG 1, OG 20, and CG 1, were subject to the density 

separation process prior to the ROR experiment. 

3.2.2. Rate of Release Validation Studies 
To draw conclusions from the rate of release experiments, it was important to 

demonstrate that the ROR experiments were actually measuring kinetic release from 
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the sample, and were not limited by an analytical artifact, such as uptake limitations 

on the XAD2 or equilibrium partitioning between the aromatic carbon in the samples 

(up to 87% of one sample was elemental carbon) and the XAD2.  Two concerns with 

the application of the ROR procedure to MGP samples were addressed.   

First, the MGP samples studied had extremely high TPH and PAH concentrations.  

An experiment was undertaken to determine if the capacity of the XAD2 was 

exceeded during the ROR experiment.   

Second, the carbon in the MGP samples was found to be highly aromatic (Section 

4.4).  A second investigation was conducted to determine if the aromatic organic 

carbon competed effectively with XAD2 for released PAHs.  This investigation 

sought to determine if the ROR procedure was measuring equilibrium partitioning 

between the XAD2 and the organic carbon or the release kinetics of PAH from the 

sample to the aqueous phase.   

3.2.2.1. XAD2 Capacity Study 
The TPH and PAH concentrations in many of the samples were high.  For CG 

11, the TPH mass in the ROR vials was 10% of the mass of the XAD2.  The total 

PAH mass in the ROR vials for CG 11 was nearly 2% of the mass of the XAD2 

(Table 3.9).  If the entire TPH or PAH mass desorbed from the sample during the 

course of the ROR study, it is possible that the capacity of the XAD2 would have 

been exceeded.  To avoid this problem, the mass of sample used in each ROR 

vial was reduced for samples with high TPH values (Table 3.1).  In addition, to 

ensure that the PAH capacity of the XAD2 was not exceeded during the duration 

of the ROR experiments, a series of XAD2 capacity experiments were conducted.   

The capacity experiments were conducted on eight of the twelve samples.  The 

four samples that were not analyzed (OG 1, OG 20, CG 1, CG 2) had four of the 

six lowest TPH/XAD2 mass ratios and four of the five lowest total PAH /XAD2 

mass ratios.  Given the results for the highly contaminated samples, the XAD2 

capacity for the four samples not analyzed was likely not exceeded. 
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The approach used for the eight evaluated samples was to examine the extent of 

PAH release during the last six weeks of the ROR study.  The samples from the 

three vials sampled at day 77 were reused in the following manner.  After the 

original XAD2 was removed from the day 77 vials, fresh XAD2 was placed in 

each vial.  The three vials were topped off with the ROR solution (CaCl2/HgCl2), 

capped, and placed in the tumbler until the conclusion of the ROR experiment 

(day 119).  At day 119, the reloaded XAD2 was removed and analyzed.   

The hypothesis of this experiment was that if the capacity of the XAD2 was 

exceeded, then the total PAH mass found on the original day 77 and on the 

reloaded XAD2 would be greater than the PAH mass found on XAD2 sampled 

after 119 days of continuous tumbling.  Mathematically, the relative capacity of 

the XAD2 was determined using Equation 3.10.  If the capacity of the XAD2 was 

exceeded, then the capacity coefficient would be greater than 1.0. 

119Day 

Reloading77Day 

Mass
MassMass

 tCoefficienCapacity  
+

= Equation 3.10 

Capacity coefficients for the eight samples used for this analysis are shown in 

Table 3.9.  Values less than 0.75 and greater than 1.25 are shown in bold.  The 

average capacity coefficient for these eight samples with high TPH and total 

measured PAH/XAD2 ratios was 1.03 (with a standard deviation of 0.16).  Of the 

99 values, 70 values were larger than one, indicating that in some cases, the 

reloaded XAD2 recovered more PAH over the last six weeks of the ROR 

procedure than the XAD2 which tumbled for the full 119 days.   
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Table 3.9: Capacity Coefficients for XAD2 Capacity Study 

 OG 2 OG 5 OG 10 OG 17 OG 18 CG 3 CG 11 CG 12

naphthalene 0.62 0.85 0.98 1.09 1.05 1.00 0.61 -1 
2-methylnaphthalene 0.70 -1 1.00 1.08 1.09 1.01 -1 0.90 
1-methylnaphthalene 0.83 -1 1.01 1.01 1.09 1.01 -1 0.93 
acenaphthylene 0.89 0.90 1.05 1.05 1.10 1.03 -1 0.90 
acenaphthene -1 -1 0.93 -1 1.02 - -1 -1 
fluorene 0.66 -1 1.04 0.92 1.03 1.00 1.01 1.11 
phenanthrene 0.85 1.23 1.05 1.02 1.05 1.00 0.96 1.03 
anthracene 1.35 1.31 1.04 1.02 1.09 1.01 1.08 1.14 
fluoranthene 0.95 1.16 1.04 1.02 1.03 0.99 0.97 1.05 
pyrene 0.98 1.14 1.03 1.02 1.06 1.00 0.98 1.19 
benz[a]anthracene 1.04 1.24 1.00 1.04 1.05 1.00 1.01 1.07 
chrysene 1.01 1.22 1.00 1.03 1.02 0.99 1.01 0.84 
benzo[b,k]fluoranthene 1.10 1.42 0.97 1.20 1.08 1.01 1.23 0.63 
benzo[e]pyrene 1.18 1.26 0.95 1.10 1.10 1.03 1.28 0.86 
benzo[a]pyrene 1.13 1.29 0.77 1.13 1.08 1.03 0.63 1.35 
TPH/XAD2 Ratio (mg/g) 25 10 22 13 23 39 105 23 
Total PAH/XAD2 Ratio 
(mg/g) 3.2 1.3 12.4 5.3 9.7 2.4 18.6 3.8 

1Not Determined. 

A t-test (using 95% confidence) was performed to determine if mass found on the 

original day 77 and reloaded XAD2 (three samples) was statistically different 

from the PAH mass found on XAD2 sampled after 119 days of continuous 

tumbling (three to six samples).  Despite the trends seen in Table 3.9, the 

combined mass found on the reloaded XAD2 samples was found to be 

statistically greater than mass recovered in the continuously tumbled day 119 

samples in only five instances (Cited in bold, Table 3.10).   

One of the instances (OG 2, anthracene) had an isolated high capacity coefficient 

(1.35).  Three of the values were from CG 11.  This sample had the highest 

TPH/XAD2 ratio (105 mg/g) of any of the samples.  The last instance 

(phenanthrene, OG 10) was from a sample with the third highest TPH/XAD2 

ratio (25 mg/g). 
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Table 3.10: Statistical Significance for Capacity Coefficients for XAD2 Capacity 
Study 

 OG 2 OG 5 OG 10 OG 17 OG 18 CG 3 CG 11 CG 12

naphthalene No No No No No No No -1 
2-methylnaphthalene No -1 No No No No -1 No 
1-methylnaphthalene -1 -1 No No No No -1 -1 
acenaphthylene No No No No No No -1 No 
acenaphthene -1 -1 No -1 No -1 No -1 
fluorene No -1 No No No No No No 
phenanthrene No No Yes No No No No No 
anthracene Yes No No No No No Yes No 
fluoranthene No No No No No No No No 
Pyrene No No No No No No No No 
benz[a]anthracene No No No No No No No No 
chrysene No No No No No No No No 
benzo[b,k]fluoranthene No No No No No No Yes No 
benzo[e]pyrene No No No No No No Yes No 
benzo[a]pyrene No No No No No No No No 

1Not Determined. 

The hypothesis of this study was that the uptake of non-PAH hydrocarbons had 

the potential to saturate the XAD2, thereby reducing the PAH capacity of the 

XAD2.  The impact of XAD2 being saturated with non-PAH hydrocarbons should 

affect all PAHs in a given sample.  Although there were five statistically 

significant instances of the combined reloaded XAD2 PAH mass being greater 

than the continuously tumbled XAD2 PAH mass, none of the samples showed a 

statistically significant trend across all, or even 25%, of the PAHs analyzed.  

Hence, this data indicate, although not definitively, that the capacity of the XAD2 

was not exceeded during the ROR experiments.   

3.2.2.2. ROR Equilibrium Studies 
The organic carbon in the MGP samples was shown to be highly aromatic 

(Section 4.4.3).  There was concern that the aromatic carbon may effectively 

compete with XAD2 for released PAHs.  This would be reflected in an 

equilibrium being established between the XAD2 and the aromatic carbon.  
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Although the capacity study (Section 3.2.2.1) indicated that equilibrium 

conditions did not exist during the ROR studies, several samples had high 

aromatic soot contents.  In addition, in several of the samples, release patterns 

became essentially flat after the release of the fast fraction, possibly indicating 

equilibrium conditions existed during the ROR study.  To be thorough, a second 

investigation was undertaken to ensure that the ROR release patterns were 

depicting kinetic rather the equilibrium constraints.   

The approach of this study was to examine PAH release at various XAD2/sample 

mass ratios.  If kinetics controlled the release of PAHs from the samples, the 

mass of PAH released per gram of sample should be constant for varying sample 

mass ratios.  If equilibrium was controlling partitioning between the organic 

carbon and XAD2, the mass of PAHs on the XAD2 per gram of sample should 

decrease as the XAD2/sample ratio decreases.  This study was performed on all 

samples except OG 1 and OG 20.  These samples had two of the three lowest 

TPH/XAD2 mass ratios and total measured PAH /XAD2 mass ratios of the 12 

MGP samples.  Given the results for the highly contaminated samples, 

equilibrium issues for OG 1 and OG 20 were likely not a concern. 

Procedure 

Three XAD2/sample ratios were investigated.  The first ratio was the ratio used in 

ROR experiment.  Two additional XAD2/sample ratios were also investigated 

(Table 3.11).  The ratios were approximately 0.67 and 5 times the XAD2/sample 

ratios that were present in the ROR investigations.  The XAD2 mass used for the 

5 times XAD2/sample ratio was increased to 3.6 grams (Table 3.11).  This was 

done to keep the sample size large enough to still be representative of the sample 

as a whole.   

Data for samples in the second column of Table 3.11 were determined from the 

ROR experiments.  For the other two XAD2/sample ratios, three vials were 

prepared for each sample.  Except for the different sample and XAD2 mass 

values, the vials were prepared and sampled following the ROR procedure 

(Section 3.2.1.1).   
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For all but OG 11 and OG 12, the vials were sampled after seven days for the 

non-ROR ratios.  For these samples, most of the fast release occurred prior to 

seven days.  OG 11 and OG 12 were sampled after 35 days, as detection limits 

prevented seven-day sampling. 

Table 3.11: Investigated XAD2/Sample Ratios for Equilibrium Experiments 

 XAD2/Sample Ratio (g/g dry weight)

Sample 0.67*ROR ROR 5*ROR 
CG 1 0.4 0.6 3.2 

CG 2 0.5 0.8 3.8 

CG 3 0.6 0.9 4.3 

CG 11 0.5 0.7 3.6 

CG 12 0.6 0.9 4.3 

OG 2 0.7 1.1 5.4 

OG 5 0.5 0.7 3.4 

OG 10 1.7 2.5 12.7 

OG 17 1.6 2.3 11.7 

OG 18 1.4 2.1 10.5 

XAD2 Mass 1.2 1.2 3.6 

The 5*ROR ratios required 3.6 grams of XAD2.  The standard volume of 5 mL of 

methylene chloride for extraction was not sufficient to fully immerse the XAD2.  

Hence, the XAD2 for those experiments were extracted using 8.5 mL of 

methylene chloride.  The large amount of sample involved required that the 

0.67*ROR CG samples and the OG 5 dried solid sample also be extracted using 

8.5 mL of methylene chloride.  The remaining samples and XAD2 were extracted 

using 5mL of methylene chloride.  All samples were analyzed on a GC using the 

methods described in Section 3.2.1.2. 

To determine a XAD2/sample partition coefficient for the 0.67*ROR and 5*ROR 

ratios, the PAH concentration found on the XAD2 was divided by the PAH 

concentration in dry sample in each vial.  The solid sample was not extracted 

after seven days for the ROR.  To determine the sample concentration after seven 

days, Equation 3.11 was used. 
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Equation 3.11 
sampleS

M*)F
 C PAHdaysseven

daysseven
-(1

=

Where Cseven days was the sample concentration after seven days, Fseven days was the 

fraction released to the XAD2 after seven days, MPAH was the total maximum 

PAH mass found during the ROR experiments (as described above), and Ssample 

was the mass of the sample on a dry-weight basis.  Once the seven-day sample 

concentration was determined, a partition coefficient was determined in the same 

manner as for the other XAD2/sample ratios. 

Analysis 

Due to size of ROR vials, the sample mass for each sample/mass ratio was not 

constant.  In addition, due to sample heterogeneity, the PAH concentration within 

the vials varied.  Average initial concentrations between the three sets of 

XAD2/sample ratios were statistically different (t-test, 95% confidence).  This 

precluded direct comparison of the XAD2/sample ratios using of the mass of 

PAH released per gram of sample. 

To enable comparison between the various XAD2/sample ratios, a two-step 

criterion was developed.  First, the original ROR data were reviewed to 

determine if equilibrium conditions may have existed.  If equilibrium conditions 

possibly existed, the mass of PAH released per gram of sample for each 

XAD2/sample ratio was predicted using assumed linear equilibrium partitioning 

values obtained from the ROR release data.  If the predicted mass of PAH 

released per gram of sample was statistically different (t-test, 95% confidence) 

from the measured value, then it was concluded that the ROR release patterns 

were depicting kinetic rather the equilibrium constraints.  If the data from the 

various XAD2/sample ratios was not statistically different, equilibrium 

constraints may have had an impact on the ROR data.  Details of the criteria 

follow. 

Criteria 1: PAH release statistically increased during the ROR experiment.  

The PAH release after seven days (after a majority of the fast 

fraction had been removed) was compared with the PAH release 
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after 119 days.  If the two values were statistically different (t-test, 

95% confidence), then the PAH was being released over time and the 

ROR experiment was measuring kinetics.  If the two values were not 

statistically different (a flat release pattern), then the second criteria 

was used to evaluate the varying XAD2/sample ratio data.   

Criteria 2: Predicted equilibrium mass of PAH released per gram of sample 

was statistically different from measured values for varying 

XAD2/sample ratios.  Since the mass of PAH released per gram of 

sample for each XAD2/sample mass ratio could not be directly 

compared (due to statistically different initial concentrations), an 

equilibrium model was used for comparison.  This model assumed 

that a linear equilibrium had been established between the sample 

and XAD2 during the original ROR experiment.  This equilibrium 

was represented with a XAD2/sample partition coefficient, Kx 

(Equation 3.12). 

SampleinRemainingMassPAH
XAD onMass  PAHK 2

X = Equation 3.12 

Data from two different times were used to determine two 

equilibrium partitioning coefficients (KX) between the XAD2 and 

sample phases.  Day 7 data were used because a majority of the 

release had occurred by this point, and the varying XAD2/sample 

mass vials were tumbled for 7 days (CG 11 and CG 12 were tumbled 

for 35 days due to detection limitations; day 35 was used for 

partitioning coefficient calculations).  Day 119 was also used to 

determine equilibrium partitioning coefficients as it is an upper 

bound on the possible range of partition values.  A mass balance was 

use to predict the PAH mass on XAD2 for each Kx value (Equation 

3.13).   
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For each sample, there were four predicted PAH released per gram 

of sample values.  For illustrative purposes these are identified as W, 

X, Y, and Z in Table 3.12. 

Table 3.12: Sample Matrix for Equilibrium Study 
 XAD2/Sample Mass Ratio 
 0.67*Original 5*Original 

KX (day 7) W Y 
KX (day 119) X Z 

Each predicted value was statistically compared (t-test, 95% 

confidence) to the appropriate (XAD2/sample mass ratio) measured 

PAH mass on XAD2 per gram of sample.  An example of this 

comparison is shown in Figure 3.6.  
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Figure 3.6: Illustrative Comparison of Predicted and Actual Equilibrium 

Phenanthrene Mass on XAD2 per gram of Sample Used in the 
ROR Equilibrium Experiments 
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If all four predicted values were statistically different than the 

measured values, it was concluded that the ROR patterns were the 

result of kinetic limitations.  However, there were several cases 

where one or more of the predicted values were not statistically 

different from the measured values.  In these cases, a second set of 

criteria were developed to infer when the ROR experiments were 

measuring kinetic limitations.   

Criteria A: If the values of W and X (Table 3.12) were both not 

statistically different from the measured value, it was not 

possible to conclude that the ROR patterns were the result 

of kinetic limitations.  Emphasis was placed on these samples 

for two reasons.  First, samples W and X had XAD2/sample 

mass ratios that were the closest to the ROR experiment.  

Second, these samples were more likely to experience 

equilibrium limitations as there was less XAD2 per gram of 

organic carbon. 

Criteria B: If either W or X and either Y or Z were not statistically 

different from the measured value, it was not possible to 

conclude that the ROR patterns were the result of kinetic 

limitations.  These scenarios indicate that equilibrium 

limitations may be occurring over a wide range of 

XAD2/sample mass ratios.   

Criteria A and B essentially reduce to any case where two or fewer of the 

predicted values were statistically different from the measured values (X and Z 

being not statistically different only occurred in situations where the other criteria 

were already met).  If three or more of the predicted values were statistically 

different from the measured values, it was concluded that the ROR experiments 

were measuring kinetic limitations.  Otherwise, it could not be concluded 

whether equilibrium or kinetic constraints were responsible for ROR release 

patterns. 
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Table 3.13 summarizes the statistical conclusions of the application of Criteria 1 

and 2 to the equilibrium study data.  The “Yes” values indicate instances when 

the ROR data is the result kinetic constraints.  The “Maybe” values indicate 

instances when it can not be concluded with statistical confidence that the ROR 

data are the result of kinetic constraints. 

There were 18 “Maybe” instances where possible equilibrium influences could 

not be ruled out.  The hypothesis of this study was that the sorption potential of 

the soot carbon was large enough to result in the establishment of equilibrium 

conditions with the XAD2 over the course of the study.  However, if XAD2 has 

established equilibrium with the soot carbon, the equilibrium conditions should 

impact all PAHs relatively consistently.  CG 1 was the only sample for which 

this was the case.  All other samples had only isolated instances (less 25% of the 

PAHs) where it was statistically concluded that equilibrium conditions may exist. 

CG 1 was an unlikely candidate for effective competition between the XAD2 and 

the organic carbon.  CG 1 had a relatively low total organic content of 0.07 

(Thermal Oxidation value, soot fraction of 0.03) and C/H ratio of 1.0.  It is more 

likely that the results for this sample reached the detection limits of the 

equilibrium validation method.  Based on 10 analyses of this sample, the average 

initial PAH concentration was 26.3 mg/kg dry weight with an average standard 

deviation of 2.8.  On average, 22.4 mg/kg dry weight was released to the XAD2 

after seven days.  For CG 1, the equilibrium experiments required detecting a 

statistical difference in the remaining PAH mass in the sample, 3.9 mg/kg, for 

which there was a relatively high standard deviation of 2.8 mg/kg.  Hence, the 10 

possible instances of equilibrium influence for CG 1 were likely due to detection 

limitations of the method, rather than equilibrium constraints being expressed for 

a majority of the PAHs in the sample.   

Therefore, it could not be concluded that XAD2/sample equilibrium was 

responsible for the release data for any of the samples.   

 

 80



 

Table 3.13: Do the ROR Release Data Reflect Kinetic Limitations? 

 OG 2 OG 5 OG 10 OG 17 OG 18 CG 1 CG 2 CG 3 CG 11 CG 12

naphthalene Maybe -1  Yes Yes Maybe Maybe -1 Maybe Maybe -1 
2-methylnaphthalene  -  -

    
     

  -  -  -       
       

  
 
         

  
 

  
  
  

-1 1 Yes Yes Yes Maybe -1 Maybe -1 1 
1-methylnaphthalene -1 -1 Yes Yes Yes Maybe Yes Maybe -1 Yes
acenaphthylene Yes -1 Yes Yes Yes Maybe Yes Yes -1 -1 
acenaphthene -1 1 1 1 Yes Yes Yes Yes Yes -1 
fluorene -1 -1 Yes Yes Yes Maybe Maybe Yes Yes Yes
phenanthrene Yes -1 Yes Yes Yes Maybe Yes Yes Yes Yes 
anthracene Yes -1 Yes Yes Yes Maybe Yes Yes Yes Yes 
fluoranthene Yes Yes Yes Yes Yes Maybe Yes Yes Yes Yes
pyrene Maybe Yes Yes Yes Yes Maybe Yes Yes Yes Yes 
benz[a]anthracene Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes 
chrysene Yes Yes Yes Yes Yes Maybe Yes Yes Yes -1 
benzo[b,k]fluoranthene Yes Yes Yes Yes Yes Yes Yes Yes Yes -1 
benzo[e]pyrene Yes Yes Yes Yes Yes -1 Yes Yes -1 -1 
benzo[a]pyrene Yes Yes Yes Yes Yes Yes Yes Yes -1 -1 
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3.2.2.3. Rate of Release Validation Studies Summary 
The combined XAD2 capacity study and equilibrium study data suggests that the 

ROR procedure measures the kinetics of PAH release, rather than the XAD2 

uptake limitations, in the MGP samples evaluated in this research.  As a result, 

all of the ROR release data obtained, including the five instances where there was 

a statistical difference in the capacity studies and all 18 instances where it could 

not be concluded with statistical confidence that the ROR data are the result of 

kinetic constraints (Table 3.13), were used in the subsequent data interpretations 

and evaluations (Sections 5 and 6). 

3.2.3. Deuterated PAH Rate of Release Experiments 
Deuterated PAHs (dPAHs) were spiked onto four samples to investigate the 

mechanisms that control the release of PAHs from the sample.  Comparisons between 

the release of spiked dPAHs and native PAHs allowed for the elucidation of possible 

desorption mechanisms. 

The dPAHs contain deuterated hydrogen atoms, which have twice the mass of normal 

hydrogen atoms.  The increased mass of the dPAH allows for detection of dPAH on a 

Gas Chromatograph Mass Spectrometer (GC/MS), despite the fact that the normal 

and deuterated PAH may have similar residence times in the GC/MS.  Except for the 

deuterated hydrogens, dPAHs are identical to normal PAHs.  Given the structural 

similarity between deuterated and normal PAHs, it is assumed in this research that 

the dPAHs adequately mimic the physical and chemical properties of the normal 

PAHs.  The assumption of similar physical and chemical behavior allows 

mechanistic inferences to be drawn from comparisons between the release of spiked 

of dPAHs, to the release of native PAHs.   

The dPAH experiments were designed to mimic the traditional ROR procedure 

outlined in Section 3.2.1.1.  The vials were sampled and extracted in the same 

manner as the traditional ROR procedure.  The method differed in the spiking of the 

dPAH prior to tumbling and the analysis of the extract.  In addition, due to the cost of 

the dPAHs only one vial, rather than triplicates, was sacrificed per sampling time. 
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3.2.3.1. Samples Used 
Deuterated PAHs were spiked onto four samples: OG 17, OG 18, CG 3 and CG 

12.  The OG samples were chosen for the quality and shape of the ROR release 

curve.  The CG RORs had not yet been completed when the dPAH experiments 

were begun.  Preliminary experiments indicated that CG 12 had minimal release 

of normal PAH, while CG 3, had significant normal PAH release.  In addition, a 

ROR was run on dPAHs spiked into a set of blank vials that contained no sample. 

To mimic the conditions in the original RORs, the mass of the sample used in the 

original ROR was used for the deuterated experiment (Table 3.14).  However, the 

high moisture content of the original samples allowed the samples to form 

clumps.  Using samples that stick together would prevent an even distribution of 

the spike solution onto the sample.  Hence, each sample was air dried in a hood.  

If this procedure impacted the sample, it most likely had an influence on the high 

normal naphthalene concentrations in OG 17 and OG 18.  The release curves for 

normal naphthalene in the deuterated ROR experiment and normal naphthalene 

the original ROR were not significantly different in these samples.  This indicates 

that air drying of the samples had minimal impact on the release.   

Table 3.14: Mass Used for dPAH ROR 

Sample Mass 
(g dry weight)

Hours air 
dried 

OG 17 0.49 ~1 
OG 18 0.56 ~2 
CG 3 0.68 ~3 

CG 12 1.38 ~4 

3.2.3.2. dPAH Spike Solution  
The dPAHs were purchased in neat form from either Cambridge Isotopes 

Laboratories (Andover, MA) or Supelco (Bellefonte, PA).  To make a spiking 

solution, the appropriate mass of each selected dPAH was added to 1 mL of 

methylene chloride.  To determine the appropriate mass of each dPAH for each 

sample, three issues had to be taken into account:  cost, detection limits, and 

initial concentrations.   
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Cost 

Larger dPAHs are costly.  Spiking every dPAH for every PAH found in the 

sample was not feasible.  Hence, several two-ring, a three-ring, a four-ring, and a 

five-ring dPAH were chosen to represent the range of PAHs found in the OG and 

CG samples (Table 3.15).  As mentioned, cost also limited each ROR to single 

samples and allowed for five total ROR experiments (four samples shown in 

Table 3.15 and a blank).  The blank was spiked with the same mass of dPAHs 

that was in the OG 17 sample. 

Table 3.15: dPAH Spike Solution (Methylene Chloride) Concentrations (mg/L) 
Deuterated PAH Rings OG 17 OG 18 CG 3 CG 12 
Naphthalene-d10 2 21,000 68,200 11,200 2,400 
1-Methylnaphthalene-d12 2 2,650 4,000 4,800 2,200 
Acenaphthylene-d8 2 10,950 10,800 15,800 6,600 
Anthracene-d10 3 5,250 4,500 4,200 5,500 
Benzo[a]anthracene-d10 4 6,900 6,800 8,300 37,800 
Benzo[a]pyrene-d12 5 11,900 8,600 8,600 32,000 

Detection Limits 

The GC/MS detection limits were another factor in determining the spike 

solutions.  The GC/MS detection limit concentrations for each dPAH were 

determined from preliminary experiments.  To ensure that dPAH could be 

detected in both the sample and XAD2 extracts throughout the experiment, a 

minimum dPAH spike concentration was set to 10 times the GC/MS detection 

limit concentrations.   
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Initial Concentration.   

The goal of the spiking procedure was to place the dPAHs on the sample surface 

subject to the same physical/chemical extraction as the normal PAH present.  To 

achieve this, an attempt was made to spike the dPAHs at concentrations that 

mimicked the normal PAH concentration in each sample (Table 3.16). Italic, bold 

numbers indicate the sample PAH concentration was less than 10 times the 

GC/MS detection limit; therefore to ensure detection of partial dPAH release, the 

sample was spiked with a dPAH concentration that was 10 times GC/MS 

detection limit rather than mimicking the PAH sample concentrations.  

Mimicking sample concentrations meant that each dPAH had nearly the same 

mass to solubility ratio as the normal PAH.  Ideally, a ratio of spike dPAH to 

normal PAH concentrations (Table 3.17) of one was sought.  However, 

laboratory complications limited the ratio to approximately 0.8.  Again, the italic 

bold ratios indicate concentrations and ratios set by detection limit issues. 

Table 3.16: Initial dPAH and Normal PAH Sample Concentrations for Each 
Sample (mg/Kg dry weight) 

  OG 17 OG 18 CG 3 CG 12 
Deuterated PAH PAH dPAH PAH dPAH PAH dPAH PAH dPAH

Naphthalene-d10 2,060 1,708 6,410 4,908 790 658 14 70
1-Methylnaphthalene-d12 52 216 330 288 360 282 8 64
Acenaphthylene-d8 230 891 420 777 31 928 58 191
Anthracene-d10 150 427 260 324 180 247 200 160
Benzo[a]anthracene-d10 530 561 370 489 160 487 1,350 1,097
Benzo[a]pyrene-d12 1,250 968 640 619 140 505 1,160 928

Table 3.17: Ratio of dPAHs Sample Concentrations to Normal PAH 
Concentration 

 Deuterated PAH OG 17 OG 18 CG 3 CG 12 
Naphthalene-d10 0.83 0.77 0.83 4.97 
1-Methylnaphthalene-d12 4.15 0.87 0.78 7.98 
Acenaphthylene-d8 3.87 1.85 29.92 3.30 
Anthracene-d10 2.85 1.25 1.37 0.80 
Benzo[a]anthracene-d10 1.06 1.32 3.05 0.81 
Benzo[a]pyrene-d12 0.77 0.97 3.61 0.80 
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3.2.3.3. Spiking Method 
The objective of the spiking procedure was to evenly spread the deuterated PAHs 

onto the sample surfaces without allowing the deuterated PAHs to deeply 

penetrate the organic matter pores.  To achieve this goal, the following spiking 

method was employed. 

The mass of each sample listed in Table 3.14 was added to a ROR vial.  For each 

sample, 10 µL of the appropriate spiking solution was added in a drop-wise 

fashion onto the sample.  An attempt was made to introduce the spiking solution 

with a syringe that sprayed the methylene chloride onto the sample.  However, 

the side-discharging needle required that the ROR vial be tipped onto its side so 

the spiking solution could be sprayed onto the sample rather than the glass.  This 

action limited the distance between the syringe and the sample, resulting in a 

very small area of impacted sample.  By applying the same spiking solution in a 

vertical manner with a normal syringe, the distribution of the resulting three 

drops provided a greater impacted area.  Hence, all spiking solutions were added 

in a vertical drop-wise manner.   

After allowing the methylene chloride to evaporate for five to ten seconds, the 

vials were capped and place on a vortex mixer for five to ten seconds.  The vials 

were then placed in an end-over-end tumbler for approximately 45 minutes while 

other samples were being prepared.  The process was repeated three more times 

for each vial (a total of 40 µL of spiking solution was added).  The spiking of the 

samples took approximately three hours.   

For the blanks, 40 µL of the OG 17 spiking solution were added at one time.  The 

OG 17 spiking solution was chosen for the blank ROR as it was the closest to the 

average concentrations of the four samples (Table 3.15).  The spiking solution 

was rolled along the walls of the blank vials, and the methylene chloride was 

allowed to evaporate prior to capping the vials.   

Once all the samples had been spiked, an attempt was made to evenly distribute 

the dPAHs on the sample surface.  The sealed vials were placed in a 60ºC hot 

water bath for 30 minutes.  After cooling, 5 mL of ROR solution (CaCl2 and 
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HgCl2) was introduced to each vial.  The vials were then tumbled end over end 

for another 30 minutes.  At the conclusion of the tumbling, XAD2 and remaining 

ROR solutions were introduced, the vials capped, and the ROR experiment was 

started.   

All the RORs were started within two hours of when the first 5 mL of ROR 

solution were added to the vials.  The maximum time the dPAHs had in contact 

with the sample prior to the introduction of XAD2 (first 10 µL spike to XAD2 

introduction) was six hours.  The minimum time the dPAHs had in contact with 

the sample (last 10 µL spike to XAD2 introduction) was one and half hours.   

3.2.3.4. dPAH Analysis 
Due to cost constraints, there was only one vial per sample at each sampling 

time, and no vials were prepared to determine initial concentrations.  In addition, 

there was concern that the spiking procedure may have not evenly distributed the 

dPAHs among the vials.  As a result, the sampling protocol was slightly 

modified.  After removing the XAD2, the remaining sample from every vial was 

dried with magnesium sulfate and extracted with methylene chloride.  The 

sample and XAD2 were extracted in the same manner as the standard ROR 

procedure. 

Due to the desire to analyze co-eluting PAH and dPAH peaks, the extracts were 

analyzed on a GC/MS.  The internal standards used in the vials analyzed on the 

GC/MS were acenaphthene-d10 and chrysene-d12.  The samples were analyzed 

using an Atas Optic II programmable injector, Hewlett Packard 5890 Series II 

GC, and a Hewlett Packard 5972 MS.  Table 3.18 summarizes the temperature 

profiles of the injector and GC. 
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Table 3.18: Temperature Profiles for dPAH analysis 
 Injector GC 
Initial Temperature 40°C 30°C 
Initial Time 0.1 min 3 min 
Ramp 1 6°C/s 15°C/min 
End Temperature - 175°C 
Ramp 2 - 20°C/min 
End Temperature - 250°C 
Ramp 3 - 30°C/min 
Final Temperature 310°C 310°C 
Final Time - 8.5 min 

The injector maintained an initial pressure of 35 psi while operating in the 

splitless mode for the initial 2.25 minutes.  After the injector switched to a split 

configuration, the pressure was ramped from 7 psi to 25 psi at the conclusion of 

the run.  The MS was operated in SCAN mode. 

3.2.3.5. Data Analyses 
Due to the possible uneven distribution of the dPAHs and PAH among the vials, 

the mass of dPAH/PAH on the XAD2 was normalized by the total mass of 

dPAH/PAH found in the same vial (mass of dPAH/PAH on the XAD2 plus mass 

of dPAH/PAH remaining on the sample).  This is different than the normal ROR 

procedure where released PAHs were normalized by the maximum concentration 

measured of the course of the entire study.   The same empirical, two-site curve 

model was applied to the normalized data from these experiments (Equation 3.4).   

3.2.4. Deuterated PAH Rate of Release Validation Studies 
Two procedural issues had to be addressed prior to interpreting the dPAH data.  First, 

spiking the PAHs with methylene chloride may have altered the organic matter, 

enhancing the sorption of the dPAHs.  Second, the larger dPAHs were spiked at 

masses that exceeded the pure compound solubility in the water of the ROR vials.   

Thus, any slow desorption of dPAH may be due to crystal dissolution limitations 

rather than PAH-matrix interactions.   
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3.2.4.1. Matrix Alteration 
A major concern with the dPAH study was that the methylene chloride solvent 

may have altered the structure of the organic matter upon the introduction of the 

dPAHs.  Prior to volatilization, the methylene chloride may have opened pores, 

allowing the dPAH to penetrate the organic matrix.  When the methylene 

chloride evaporated, these pores may have closed, thereby trapping the dPAHs.  

The dPAHs trapped within the pores would then be released slowly.  Any dPAH 

that did not release immediately was assumed to be the result of a soot adsorption 

mechanism.  Hence, any methylene chloride-induced structural change of the 

organic matter would result in the misinterpretation of structural change 

controlled release as a soot adsorption mechanism. 

dPAH ROR Data Evaluation 

To investigate whether the methylene chloride altered the organic matter matrix 

or the release characteristics of the native PAHs, the possible impact of matrix 

change on the normal PAHs that were present in the samples for decades was 

examined.  This was done by comparing the release of native PAHs in the dPAH 

ROR to the release characteristics of the native PAHs in the original ROR study 

(Section 5.1).   

If the methylene chloride altered the organic matter structure, it would affect the 

release of the native PAHs in addition to the dPAHs.  Native PAHs may be 

trapped within the pore structure of the organic matter.  These trapped native 

PAHs require significant diffusion or a change in the organic matter structure to 

release.  Hence, these trapped native PAHs are represented by the slow release 

fraction (1-F) and slow release rate.  If the methylene chloride opened the organic 

matter pore structure, trapped native PAHs might be able to migrate more 

quickly to the surface, releasing to a greater extent (F) and at a faster rate (k2).   

Figure 3.7 illustrates the typical differences in native PAH release as indicated by 

data from the original and dPAH ROR studies.  The native acenaphthylene in the 

dPAH study released to a greater extent (a higher fraction released in the first few 
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days), and the slow fraction released at a slightly faster rate (a larger slope to the 

data between roughly day 21 and day 119).   
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Figure 3.7: Illustrative Comparison of Native Acenaphthylene Release from 

Original and dPAH RORs 

The difference between the fast release fractions determined from the original 

ROR and dPAH ROR is shown in Table 3.19.  Negative values indicate the curve 

fit fast release fraction from the original RORs was greater than the curve fit fast 

released fraction from the dPAH ROR.  In general, a greater fraction of the native 

PAHs were released in the dPAH ROR than in the original ROR.  This indicates 

that the native PAHs may release in a different manner in the dPAH ROR 

experiment than in the original ROR experiment where no methylene chloride 

was introduced to the system.   
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Table 3.19: Difference in Fast Released Fraction for Normal PAHs in Original 
and Deuterated RORs 

 OG 17 OG 18 CG 3 CG 12 
naphthalene 0.00 0.11 -0.10 -1 
acenaphthylene 0.09 0.14 -0.01 0.13 
anthracene 0.02 0.18 0.14 0.12 
benz[a]anthracene 0.10 0.10 0.01 0.11 
benzo[a]pyrene 0.12 0.22 0.20 -1 

1Fast released fraction not determined in original ROR study (Table 5.1). 

To investigate whether the methylene chloride altered the organic matter, the 

variation in the curve fit data were evaluated.  This was done by determining the 

95% confidence intervals for the fast release fraction (F) and slow release rate 

(k2) for the native PAHs from both the dPAH and original ROR experiments.  

Overlapping 95% confidence intervals indicated that the parameters were not 

different in the original and dPAH ROR experiments.  The 95% confidence 

intervals for both the dPAH and original ROR experiments can be found in the 

Appendix (Section C).  Table 3.20 shows this comparison.  The term “No” 

indicates that there was no overlap in the 95% confidence regions between the 

two ROR experiments for fast release fraction (F) and slow release rate (k2).  The 

term “Yes” indicates that there was an overlap in the 95% confidence regions. 

Table 3.20: Overlapping 95% Confidence Intervals in Curve Fit Parameters for 
Normal PAHs in Original and Deuterated RORs 

 OG 17 OG 18 CG 3 CG 12 
 F k2 F k2 F k2 F k2 

naphthalene Yes Yes No No No Yes -1 -1 
acenaphthylene No Yes No No Yes No -1 -1 
anthracene Yes No No No No Yes No No 
benz[a]anthracene -1 -1 No Yes Yes No No Yes 
benzo[a]pyrene -1 -1 Yes Yes No Yes -1 -1 

1Unable to determine confidence intervals for data. 

Except for naphthalene in OG 17 and benzo[a]pyrene in OG 18, this evaluation 

indicated that there was no overlap of the 95% confidence regions for at least one 

of the curve fit parameters between the dPAH ROR and original ROR 

experiments.  Overall, this indicates that the introduction of the methylene 
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chloride may have impacted the release of the native PAHs from the samples.  

Hence, slow release of dPAHs may be due to either soot adsorption or methylene 

chloride induced structural change of the organic matter. 

Due to the impact of this conclusion on the dPAH data, a closer look at 

confidence intervals of the curve fit parameters was necessary.  As discussed in 

Section 5.1.2, the 95% confidence intervals from the original ROR account for 

only the curve fit and analysis uncertainty and do not account for any variation in 

the normalization concentration.  In the original ROR experiments, the PAH 

concentrations were not measured in the sample fraction of each vial.  The PAHs 

mass measured on the XAD2 was normalized by a maximum of PAH 

concentrations in a subset of vials (Section 3.2.1.1).  Thus, the normalized release 

data from the original ROR experiments do not include the uncertainty in the 

normalizing concentration.  Hence, the 95% confidence curve fit values also do 

not include the uncertainty of the normalization concentration. 

In the dPAH ROR experiments, the PAH concentration in the sample of each vial 

was measured.  The PAH release fractions in each vial were determined by 

normalizing the PAHs mass measured on the XAD2 by the total PAH mass in 

each vial.  The release data included the normalizing uncertainty.  Thus, the 95% 

confidence intervals for the dPAH ROR experiments included all uncertainty in 

the experiment.   

Since not all the uncertainty was included in comparing the release parameters of 

the two ROR studies, the statistical data shown in Table 3.20 may not be 

definitive on determining whether the methylene chloride introduction altered the 

release of the native PAHs.   

Water Spiking Study 

To investigate further whether the methylene chloride might have altered the 

structure of the organic matter, the low molecular weight dPAHs were spiked 

onto the samples in an aqueous manner.  To determine the impact of the spiking 

method, release from the aqueous spiked samples after seven days was compared 

to the release after seven days from methylene chloride-spiked samples.  If the 
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aqueous spiking method resulted in the same fraction of dPAH released after 

seven days as compared to the methylene chloride spiking method, then it could 

be concluded that the methylene chloride did not alter the organic matter in a 

manner that impacted the dPAH release.   

This study was performed on the four samples that were investigated in the 

deuterated ROR experiments (OG 17, OG 18, CG 3 and CG 12).  Due to 

solubility limitations (Section 3.2.4.2) only deuterated naphthalene, 1-

methylnaphthalene, and acenaphthylene were used in this study.   

Procedure 

For this investigation, stock solutions of deuterated naphthalene, 1-

methylnaphthalene, and acenaphthylene were prepared in methylene chloride 

(Table 3.21).  For each sample, an appropriate amount of each stock solution was 

syringed into triplicate ROR vials, resulting in a dPAH concentration in the vials 

that was identical to the original spiking method (Table 3.16).   

Table 3.21: Stock dPAHs Concentrations (mg/L methylene chloride) 

 Concentration 
Naphthalene-d10 10,000 
1-Methylnaphthalene-d12 5,000 
Acenaphthylene-d8 5,000 

After all three dPAHs were placed in the vial, the vials were held on a vortex 

mixer until all the methylene chloride had evaporated.  This produced very fine 

dPAH crystals that were of powder consistency.  Next, 5 mL of ROR 

(CaCl2/HgCl2) solution was added to each vial.  In an effort to supersaturate the 

water, the capped vials were placed in a 60°C water bath for 30 minutes.  This 

reduced but did not eliminate the visible dPAH crystals.  After the vials cooled to 

room temperature, sample was added to each vial.  Masses were identical to 

those used in the original spiking method (Table 3.14).   

After vortex mixing and capping, the vials were again place in a 60°C water bath 

for 30 minutes (in a similar fashion to the original spiking method) in an attempt 

to better distribute the dPAH on the sample.  After three hours of tumbling 
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(approximately the average time the dPAHs had to contact the sample prior to the 

introduction of the XAD2), XAD2 was added to each vial.  The vials were then 

topped with ROR solution and tumbled for seven days.  The sample and XAD2 

were extracted and analyzed in the same manner as the original spiking 

procedure (Section 3.2.3). 

Analysis 

The fraction of each dPAH on the XAD2 was determined by dividing the dPAH 

mass measured on the XAD2 by the dPAH mass measured on the solid sample.  

This was the same method as was used to determine the fraction released in the 

dPAH ROR experiments.  Figure 3.8 shows the fraction of each dPAH on the 

XAD2 for the two spiking methods after seven days.  For CG 3 and CG 12, no 

deuterated naphthalene was measured on the sample fraction.  Due to cost 

limitations, there was only one sample analyzed after seven days during the 

dPAH ROR experiment.  Hence, no statistical comparison can be made with this 

data.  The error bars for the aqueous spike method represent 95% confidence 

intervals for the triplicates. 

The data in Figure 3.8 indicate that there may be a difference between the two 

spiking methods.  However, the data from the validation study was not ideal.  

Table 3.22 illustrates that the average dPAH recovery percentages for the 

aqueous spiking method were significantly lower than for dPAH ROR 

experiments.  This may be due to volatile losses upon heating the water solution 

in an attempt to supersaturate the water prior to the addition of the sample (the 

dPAh recovery increased with decreasing dPAH volatility). 
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Figure 3.8: Comparison of Fraction Released for dPAH Introduced by 

Aqueous and Methylene Chloride Methods 

Table 3.22: Average dPAH Recovery Percent 

 Aqueous Spike dPAH ROR 

Naphthalene-d10 74% 100% 
1-Methylnaphthalene-d10 83% 102% 
Acenaphthylene-d8 96% 91% 

As a result of this, a second fraction of each dPAH on the XAD2 was determined 

by dividing the dPAH mass measured on the XAD2 by the calculated total spiked 

dPAH mass.  This calculated total spiked mass was calculated by multiplying the 

volume of methylene chloride spike (that was allowed to evaporate before the 

addition of water) by the concentration of dPAH in the spike solution.  Figure 3.9 

shows comparison between the two spiking methods, where the water spike 

fractions have been normalized by the calculated total spike dPAH mass.   
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Figure 3.9: Comparison of Fraction Released for dPAH Introduced by 

Aqueous and Methylene Chloride Methods for OG 17 

Since only one data point was collected for the methylene chloride spike, no 

statistical conclusions can be drawn.  However, when normalizing by the total 

calculated spike mass, the release of deuterated naphthalene from OG 17 and OG 

18 appears similar in both spiking methods.  For CG 3 and CG 12 the result is not 

as clear.  Naphthalene recovered on the XAD2 released to a lesser extent for the 

aqueous spike method.  This could be due to volatile losses. 

Although Figure 3.9 suggests that the methylene chloride did not alter the 

organic matter in a way that impacts the desorption of the deuterated PAHs, the 

discrepancy in recovery percentages prevents a conclusive determination.  

3.2.4.2. Solublity Limitations 
A second issue with the dPAH data is that the larger dPAHs were spiked at 

masses that exceeded the soluble mass (Table 3.24 and Table 3.23).  This was 

done so that the dPAHs concentrations would approximate the concentrations of 
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the PAHs in the samples (Section 3.2.3).  For anthracene, benz[a]anthracene, and 

benzo[a]pyrene, the spiked mass exceed the mass required for aqueous saturation 

by over a factor of 300 (Table 3.23).   

Table 3.23: Ratio of Added dPAH Mass in ROR Vial to Mass Required for 
Saturation of the Water in the ROR Vial 

 OG 17 OG 18 CG 3 CG 12 

Naphthalene-d10 2.3 7.3 1.2 0.3 
1-Methylnaphthalene-d10 0.3 0.5 0.6 0.3 
Acenaphthylene-d8 9.3 9.2 13 5.6 
Anthracene-d10 403 346 323 422 
Benz[a]anthracene-d10 1,640 1,620 1,980 9,000 
Benzo[a]pyrene-d12 10,400 7,540 7,540 28,100 

This suggests that after the methylene chloride volatilized, the larger dPAHs that 

were not in direct contact with the organic matter formed solid crystals.  Despite 

efforts to relocate the dPAHs onto the organic matter by aqueous mixing prior to 

the introduction of the XAD2, it is unlikely that the large PAHs migrated 

significantly.  Hence, spiked deuterated anthracene, benz[a]anthracene, and 

benzo[a]pyrene were likely present in a combination of solid dPAH crystals on 

the sample surface and dPAHs that were in contact with organic matter.   

To determine if solid dPAH crystals might have been present in the dPAH ROR, 

data from the blank dPAH ROR was reviewed.  As a control during the 

deuterated experiments, one ROR (blank ROR) was done with vials that 

contained no sample.  Despite no sample present, time-dependent uptake was 

detected for higher molecular weight deuterated PAHs (Figure 3.10, anthracene-

d10, benz[a]anthracene-d10, and benzo[a]pyrene-d12).   
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Figure 3.10: Uptake Patterns for Deuterated PAHs in ROR Vials Containing 

No Sample. 

Two hypotheses might explain these data.  First, the time-dependent uptake may 

have been due to XAD2 uptake limitations.  Second, the time-dependent uptake 

may have been due to dissolution from solid PAH crystals.  During the course of 

the blank dPAH ROR evaluation, solid dPAH crystals were observed in the blank 

ROR vials.  This was not unexpected as the dPAH mass in each vial significantly 

exceeded the soluble mass for the higher molecular weight PAHs (Table 3.24).  

Hence, dissolution from a crystalline matrix may have been a rate-limiting step in 

the blank ROR experiment.  The potential impact of dissolution can be seen by 

comparing two hypothetical ROR vials that contain the same PAH mass but 

differing surface areas.  If PAH crystal dissolution is the rate limiting step, the 

vial with the larger surface area will have a larger fractional uptake in a given 

time frame.  Thus, comparing dissolution from varying sized PAH crystals 

allows an evaluation of whether crystal dissolution is rate limiting step that can 

explain the time-dependent uptake data shown in Figure 3.10. 

98 



 

Table 3.24: Spiked dPAH Used in Blank ROR 

Deuterated PAH 
Spike  
Mass  
(mg) 

Hypothetical 
Full 

Dissolution 
Concentration 

(mg/L)1 

Pure PAH 
Solubility 
(mg/L)2 

Fraction 
Hypothetical 

Conc. Exceeded 
Solubility  

Naphthalene-d10 0.84 70.0 31 2.3 
1-Methylnaphthalene 0.11 8.8 28 0.3 
Acenaphthylene-d8 0.44 36.5 3.9 9.3 
Anthracene-d10 0.21 17.5 0.043 400 
Benz[a]anthracene-d10 0.28 23.0 0.014 1,600 
Benzo[a]pyrene-d12 0.48 39.7 0.004 10,400 

1Hypothetical complete dissolution of the dPAH in ROR vials. 
2(EPRI 1989). 

Procedure 

To investigate this hypothesis, a benzo[a]pyrene uptake study was performed.  In 

this study, neat benzo[a]pyrene was spiked into two sets of ROR vials.  Each set 

of ROR vials contained crystals of different size.  In the first set, a methylene 

chloride solvent was evaporated to produce PAH crystals that were of powder 

consistency.  The triplicate vials were held on a vortex mixer until all the 

methylene chloride had evaporated.  This produced very fine PAH crystals that 

were of powder consistency.  In the second set of vials, neat, stock 

benzo[a]pyrene crystals were measured directly into the ROR vials.  Individual 

benzo[a]pyrene crystals were visible in this set and approached the size of table 

sugar crystals.  As a result of the larger crystals, the second set of vials had 

benzo[a]pyrene crystals with a lower surface area to volume ratio.  For each set 

of crystal sizes, benzo[a]pyrene was spiked at two different masses.   

ROR (CaCl2/HgCl2) solution and 1.2 grams of XAD2 were added to each vial.  

After the vials were tumbled for three days, they were sacrificed and analyzed in 

an identical manner as the ROR procedure (Section 3.2.1).  

Analysis 

The results of this study are shown in Figure 3.11.  The mass of benzo[a]pyrene 

in the figure represent the triplicate average of total measured mass added to each 
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vial.  The confidence regions in the figure represent a standard deviation.  The 

benzo[a]pyrene masses added by both spiking procedures were as indicated in 

Figure 3.11. 
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Figure 3.11: Fraction of Benzo[a]pyrene after Three Days in ROR Vials 

Containing No Sample 

A greater fraction of the benzo[a]pyrene was released from the small (methylene 

chloride dissolved) crystals than from the larger (crystalline) crystals.  At both 

benzo[a]pyrene masses, there was a statistical difference (t-test, 95% percent 

confidence) in the fraction of PAH released from the two PAH crystal sizes.   

The data in Figure 3.11 suggest that the surface area of the PAH crystal is a 

factor that may be responsible for time-dependent trends seen in Figure 3.10 for 

the higher molecular deuterated PAHs.  There was no way to determine the 

presence or the size of dPAHs crystals formed in dPAH ROR samples.  Hence, 

slow uptake of the larger dPAH could be due to the dPAHs interacting with the 

organic matter or dissolution from a crystal matrix. 
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Therefore, in the deuterated ROR experiments, the slow release of spiked 

deuterated anthracene, benz[a]anthracene, and benzo[a]pyrene can not be solely 

attributed to the interaction of the dPAH with organic matter.  As a result, the 

slow release of large molecular weight dPAHs can not be solely attributed to a 

matrix sorption mechanism that relates to the PAH release from organic matter in 

the samples.  The deuterated ROR experiments require attributing slow release 

solely to an adsorption mechanism to differentiate adsorption and matrix 

transport desorption mechanisms.  Hence, this spiking procedure can not be used 

to differentiate between matrix transport and matrix sorption mechanisms for the 

larger PAHs.   

3.2.4.3. dPAH Rate of Release Validation Studies Summary 
The spiking method studies indicate that the methylene chloride did not alter the 

organic matter in a way that impacts the desorption of the dPAHs.  However, the 

discrepancy in recovery percentages prevents a definitive conclusion.   

The benzo[a]pyrene uptake studies indicate that if solid dPAH crystals were 

present in the dPAH ROR studies, the desorption of larger dPAHs would be 

impacted by dPAH crystal size.  Hence, there is no way to differentiate between 

desorption mechanisms for anthracene, benz[a]anthracene, and benzo[a]pyrene 

using the dPAH release data. 

As a result of the spiking method and benzo[a]pyrene uptake study only the 

dPAH ROR data for naphthalene, 1-methylnaphthalene and acenaphthylene were 

used in subsequent PAH desorption mechanism discussions (Section 6.2). 

3.3. Desorption Enthalpy 
Equilibrium experiments provided a method to estimate the desorption enthalpy 

associated with the desorption of PAHs from the MGP samples.  Comparing desorption 

enthalpy to literature values allows for mechanistic inferences to be made.   

Equilibrium constants vary with temperature, as shown in Equation 3.14 (Schwarzenbach 

et al. 1993). 
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eq AeK
∆−

= Equation 3.14 

In this equation, Keq is the equilibrium constant, A is a constant, ∆H is the desorption 

enthalpy, R is the universal gas constant, and T is the temperature.  Taking the natural log 

of Equation 3.14 results in Equation 3.15.   ∆H can then be calculated from slope of a 

plot of 1/T versus ln(Keq) (Hulscher and Cornelissen 1996).   

Equation 3.15 






 ∆
−=

RT
HAK eq ln)ln(

Hence, the determination of equilibrium constants allows for the calculation of the 

desorption enthalpy.   

3.3.1. Sample-Water Equilibrium Experiments 
This section briefly reviews the method used to determine equilibrium partition 

coefficients.  The details of the method have been previously documented (Dondelle 

2001).   

Sample and an aqueous solution were placed in a 156 mL sample bottles at three 

liquid-to-mass ratios.  The aqueous solution contained 0.02% (weight) HgCl2 as a 

biological inhibitor.  Triplicate vials for each sample were sealed with no headspace 

and tumbled at 10 rpm for seven days. 

At the appropriate time, the vials were centrifuged at 3,000 rpm for 20 minutes.  The 

centrate was removed.  Remaining particles and colloids in the centrate were 

removed with chemical coagulation (30 mL of 0.1 M aluminum sulfate and 30 mL of 

0.1 M sodium hydroxide).  The sweep floc was removed from the treated centrate by 

centrifuging again at 3,000 rpm for 20 minutes.  The coagulated centrate was then 

removed and extracted with a liquid/liquid methylene chloride extraction.  The 

methylene chloride extract was analyzed on a GC to determine the aqueous PAH 

concentrations.  The maximum pore water concentration was determined from the 

three liquid-to-mass ratios.   

The initial sample concentrations were determined using a batch methylene chloride 

extraction.  Equilibrium sample concentrations were determined by subtracting the 
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aqueous concentrations from the initial sample concentrations.  The equilibrium 

partition coefficient was then determined using Equation 2.1. 

3.3.2. Desorption Enthalpy Experiments 
The experiments described below were performed by Fatih Kasap and Ahmet 

Senyurekli under the supervision of the author.  Nadine Gordon determined the PAH 

concentrations in the methylene chloride extracts using a GC/MS.  The author 

calculated the equilibrium constants and desorption enthalpies.   

3.3.2.1. Fast Fraction Desorption Enthalpy 
Three samples were analyzed to determine the desorption enthalpy of the fast 

fraction:  OG 17, OG 18, and CG 3.  For each sample, a seven-day equilibrium 

experiment was conducted at 4°C and 34°C.  Room temperature equilibrium 

constants were previously determined Marie Dondelle, who was involved with 

the overall research effort (Dondelle 2001). 

Recent work in analyzing ROR data indicates that the fast fraction is removed in 

approximately seven days (Lamar 2002).  It was assumed that the PAH released 

into the aqueous phase in the seven-day equilibrium experiment were 

representative of the fast fraction of the ROR experiment.   

3.3.2.2. Slow Fraction Desorption Enthalpy 
To determine the desorption enthalpy of the slowly desorbing PAH fraction, the 

fast fraction was removed.  By assuming that the fast fraction is removed in 

approximately seven days, the fast fraction was removed by tumbling 12.9 grams 

(dry weight) of sample with XAD2 for seven days at room temperature.  The 

sample was tumbled in the same 156 mL sample bottles as used in the 

equilibrium study.  The XAD2/sample ratio was the same as was used in the ROR 

procedure (Section 3.2.1.1). 

After seven days, the XAD2 and the associated fast released PAHs were removed 

in a similar manner as the ROR procedure.  The bottles were refilled with 

biological inhibitor solution and tumbled at 4, 23, and 34°C without XAD2 for 
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three more weeks.  The equilibrium constants in the bottles were then measured 

in an identical manner as in Section 3.3.1.  The XAD2 was extracted and 

analyzed to determine the PAH mass remaining in the bottle at the beginning of 

the equilibrium portion of the experiment. 

Due to time constraints, this analysis was only conducted on one sample, OG 17 

and only one liquid-to-mass ratio (ten). 

3.4. Quality Control/Quality Assurance 
There were three major types of Quality Control/Quality Assurance (QC/QA) measures 

taken during this research:  triplicates, GC and GC/MS, and curve fitting.   

3.4.1. Triplicates 
When possible, all non-ROR experiments were done on triplicate samples.  

Coefficients of variation were calculated for each sample.  Comparisons between 

triplicates were done using a t-test (95% confidence) to determine statistical 

significance. 

3.4.2. GC and GC/MS 
Except for the dPAH ROR experiments (which were done on single samples due to 

cost), all analyses done on a GC or GC/MS was also done in triplicate.   

The QA/QC for the GC and GC/MS involved blanks and check standards.  If peaks 

were detected in the blanks, the samples were rerun.  The check standard vials were 

prepared at the same time and from the same stock as the standard curve.  Their 

purpose was to ensure that the GC response did not drift significantly over time.  If 

the determined concentration of the check standard was not within 10% of the known 

PAH standard value, the data from the samples run after the check standard were not 

used and the samples were rerun.  The samples were also rerun if the check standards 

showed a consistent trend over time (e.g., the check standard value dropped from the 

first to last check standard) or if the internal standard areas varied significantly from 

one vial to the next. 
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3.4.3. Confidence Intervals on ROR Curve Fit Data 
The ROR experiments were run with triplicate data points at each sampling time.  

However, the data were not averaged.  Each data point was used to determine the 

curve fit parameters.  In addition, the likelihood method was applied to the ROR data 

to determine 95% confidence intervals for the curve fit parameters.  The confidence 

intervals were determined using a Microsoft Excel macro that had been developed by 

Dr. Daniel Opdyke and Dr. Yosuke Kimura.  These individuals were part of the 

project team associated with the overall project effort.  The confidence intervals 

reported from this program take into account the variability of the normalized data.  

However, the confidence intervals do not take into account variability in the total 

PAH mass used to normalize the PAH mass on the XAD2.   
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4. Sample Characterization 
Determining the mechanisms that control the desorption of PAHs from heterogonous MGP 

samples is a difficult task.  To elucidate desorption mechanisms, a weight of evidence 

approach was undertaken.  This tactic required extensive knowledge of the history and the 

characteristics of the samples.  The sample history, contaminants present, and the organic 

matter structure are hypothesized to influence the mechanism that controls release of PAHs 

from MGP samples.  The characterization of these variables is reviewed in this section. 

4.1. Samples Analyzed 
It was shown in the literature review (Section 2.2) that the three types of MGP processes 

resulted in residues with different constituents.  Residues at oil gas sites may contain 

highly aromatic lampblack, from which desorption of PAHs can be expect to be slow.  In 

contrast, residues from coal gas sites may contain coal tars, which is a more polar, 

dynamic media (relative to lampblack), from which PAHs may desorb more rapidly.  

CWG sites may contain both lampblack and coal tars. 

In determining desorption mechanisms, it would be ideal to obtain samples specifically 

containing residues from all three types of sites.  However, the processes used at MGP 

sites tended to change with time, technology, and costs.  At many MGP sites, multiple 

MGP processes were used.  Detailed records the processes at each site are not always 

available.   

This lack of precise process knowledge is true of the samples used in this research.  

Process knowledge was lost over time; one of the sites investigated in this research was 

abandoned in 1907.  Table 4.1 summarizes the best estimates of the MGP process used 

and the sample location at each site.  The identification used for the samples is based on 

what was thought to be the predominant MGP process at the site.  This information was 

obtained by individuals who had knowledge about the history of the sites and the 

locations at which the samples were obtained.  Sites where oil gas was likely the 

dominant process are labeled with an OG designation.  Sites where coal gas was the 

likely dominant process are labeled with a CG designation.  Best estimates indicate that 

no sites in this research used CWG as the dominant process.  Records of the process used 
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at CG 1 were not available.  However, the location of the site (in relation to coal and oil 

stock) indicates that the site likely used a coal gas process.   

Table 4.1: Sites and Sources of the Samples  
Sample MGP Type Location of Sample 

OG 1 Coal and Oil Near oil tank and coke shed 

OG 2 Oil Near gas holder 

OG 5 Oil Possible surface impoundment outside of MGP site 

OG 10 Oil Surface impoundment used for lampblack disposal, 
near underground storage tank 

OG 17 Coal and Oil Near cooling towers, coal tar tank and lampblack 
separator sump 

OG 18 Coal and Oil Near cooling towers, coal tar tank and lampblack 
separator sump 

OG 20 Coal and Oil Near gas holder and retort 

CG 1 Unknown Unknown 

CG 2 Coal and CWG Harbor sediment near sewer outfall 

CG 3 Coal and CWG Harbor sediment near sewer outfall 

CG 11 Coal and CWG Fill material near tar emulsion plant 

CG 12 Coal and CWG Adjacent to exposed tar on bank of canal 

The twelve samples used in this research came from seven MGP sites across the United 

States; five in California (OG samples), one in Iowa (CG 1), and one in New York 

(remaining CG samples).  Multiple samples were analyzed from different locations at 

three of the MGP sites.  OG 1 and OG 20 came from different locations at the same 

facility.  OG 17 and OG 18 were from different locations at a second plant.  CG2, CG3, 

CG 11, and CG 12 all came from the New York MGP site, which contained coal gas, 

CWG, and coke plants.  The approximate locations of the New York samples are shown 

in Figure 4.1, a 1930 era aerial view of the site.  Coke by-products, asphalt emulsions, 

and light oils were also processed at this site.  Fuel oil was spilled in the harbor used for 

coal delivery.   
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CG 11  CG 2 
 CG 3 

CG 12

Figure 4.1: 1930 Era Aerial View of New York Site 
 

4.2. Physical Description 
Although a description of the mineral and water content is unlikely to shed light on PAH 

desorption mechanisms (Section 2.4 established that when present, organic matter 

dominates sorption), it does illustrate the heterogeneity of the samples that were used in 

this research.   

4.2.1. Mineral Characteristics 
The samples had varying textures, even among samples that were retrieved from the 

same site (Table 4.2).  Several of the OG samples had visible soot present.   
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Table 4.2: Physical Sample Characteristics 

Sample Sand1 
(%) 

Silt1 
(%) 

Clay1 
(%) 

Defined 
Texture1 

Other 
Characteristics 

OG 1 -2 -2 -2 -2 Sand 
OG 2 71 19 10 Sandy Loam Visible soot 
OG 5 58 30 12 Sandy Loam Separable soot 
OG 10 71 17 12 Sandy Loam Visible soot 
OG 17 56 28 16 Sandy Loam Visible soot 
OG 18 57 31 12 Sandy Loam Visible soot 
OG 20 -2 -2 -2 -2 Sand 
CG 1 -2 -2 -2 -2 Sand and clay  
CG 2 47 37 16 Loam Sediment 
CG 3 60 32 8 Sandy Loam Sediment 
CG 11 77 17 6 Loamy Sand - 
CG 12 33 43 24 Loam - 

1(Klute 1982).  Analysis performed by Colorado Analytical Laboratory 
(Brighton, CO) 

2Not Measured. 

4.2.2. Moisture Content 
The moisture contents reported in Table 4.3 represent the moisture contents of each 

sample when they were received in the laboratory.  Each moisture content was done 

in triplicate.  Coefficients of variation were calculated by dividing the standard 

deviation by the average. 

Additional moisture contents were conducted as needed to determine dry weight 

concentrations.  This was done because some of the samples were treated with water 

to remove floating fractions.  The moisture content coefficients of variation for the 

various samples were similar. 
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Table 4.3: Moisture Content of Samples 

Sample Moisture Content 
(% dry weight) 

Coefficient of 
Variation 

OG 1 9.7 1% 
OG 2 25.6 1% 
OG 5 9.6 6% 

OG 10 19.4 5% 
OG 17 4.4 0% 
OG 18 10.3 2% 
OG 20 16.5 1% 
CG 1 5.1 2% 
CG 2 13.1 1% 
CG 3 8.0 3% 
CG 11 4.1 2% 
CG 12 15.5 1% 

4.3. Contaminant Description 
The amount and type of contaminant present in the sample may influence the desorption 

mechanism from the sample matrix.  If the controlling desorption mechanism has a 

capacity limitation (such as limited surface area for soot adsorption), it would be 

expected that sample with a higher concentration will release more PAHs for a given 

amount of organic matter. 

4.3.1. Total Petroleum Hydrocarbon 
TPH is a gross measure of anthropogenic hydrocarbons in a sample.  TPH 

measurements were performed in triplicate for each sample.  The 12 samples had 

TPH concentrations that ranged from moderate to highly contaminated samples 

(Table 4.4).  Over 7% of total mass of CG 11 was extractable petroleum 

hydrocarbons.  The TPH concentrations did not correlate with the type of MGP 

process (oil gas or coal gas) employed at the site.   
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Table 4.4: Total Petroleum Hydrocarbon Concentrations of Samples1 

Sample TPH  
(mg/Kg dry weight)

TPH 
(mass percent,

 dry weight) 
Coefficient of 

Variation 

OG 1 4,700 0.5% 13% 
OG 2 30,200 3.0% 5% 
OG 5 7,400 0.7% 16% 

OG 10 59,200 5.9% 23% 
OG 17 32,300 3.2% 25% 
OG 18 51,300 5.1% 20% 
OG 20 6,900 0.7% 3% 
CG 1 11,400 1.1% 10% 
CG 2 13,300 1.3% 12% 
CG 3 34,500 3.5% 6% 
CG 11 75,900 7.6% 16% 
CG 12 19,800 2.0% 14% 
1Based upon triplicates analyses. 

4.3.2. PAH Concentrations 
The total measured PAH concentration in the 12 samples was highly variable (Table 

4.5).  The total measured PAH concentration was determined as the sum of all 16 

PAH concentrations that were analyzed in this research (Section 3.2.1.2).  The total 

measured PAH concentration ranged from 153 mg/kg dry weight (OG 1) to 33,000 

mg/kg dry weight (OG 10). 

The individual PAH concentrations reported in Table 4.5 are the concentrations used 

to normalize the rate of release data.  The determination of these concentrations was 

described in Section 3.2.1.3.  The coefficients of variation are reported in Table 4.6.  

The coefficients of variation were calculated from the standard deviation of the initial 

concentration and three to five mass balance measurements conducted during the rate 

of release experiments on each sample (Section 3.2.1.3).  High coefficients of 

variation correlated with concentrations near analytical detection limits. 
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Table 4.5: Average PAH Concentrations (mg/Kg dry weight)1 
  OG 1 OG 2 OG 5 OG 10 OG 17 OG 18 OG 20 CG 1 CG 2 CG 3 CG 11 CG 12 

Naphthalene 2 36 30 1,113 1,390 5,550 105 88 3 309 34 14
2-Methylnaphthalene 1 11 1 168 68 785 111 147 3 303 23 20
1-Methylnapthalene 1 -2 1 123 49 463 57 106 3 184 14 11
Acenaphthylene 2 63 18 561 225 495 15 90 3 17 15 75
Acenaphthene 1 -2 2 -2 -2 198 26 39 7 179 89 8
Fluorene 1 10 3 279 73 343 39 102 5 82 73 91
Phenanthrene 8 88 46 4,150 1,510 3,230 149 367 28 306 824 565
Anthracene 3 42 9 432 173 423 39 83 9 81 186 176
Fluoranthene 16 484 133 4,670 1,600 2,270 62 106 23 132 1,740 572
Pyrene 20 677 172 5,620 1,800 2,460 80 179 34 143 1,710 439
Benzo[a]anthracene 15 162 41 1,350 546 549 34 69 16 64 1,170 327
Chrysene 21 194 43 1,460 527 657 37 63 19 72 1,510 237
Benzo[b,k]flouranthene 25 466 99 2,640 1,130 1,150 37 81 17 66 2,300 273
Benzo[e]pyrene -3 331 75 1,860 769 793 -3 -3 13 36 982 172
Benzo[a]pyrene 36 456 91 2,200 915 1,030 32 42 14 47 1,180 180
Total PAH 153 3,880 984 33,000 12,930 21,900 823 1,560 212 2,080 13,420 3,270
PAH Fraction of TPH4 0.03 0.13 0.13 0.56 0.40 0.43 0.12 0.14 0.02 0.06 0.18 0.17
PAH Fraction of TOC5 0.001 0.005 0.008 0.037 0.023 0.068 0.013 0.024 0.003 0.018 0.055 0.025
Weathering Index6 0.1 0.1 0.2 0.3 0.7 3.1 4.0 2.8 0.3 7.0 0.0 0.1
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2Below detection limits 
3Sample not analyzed for compound. 
4(Total PAH Concentration)/(TPH Concentration) 
5(Total PAH Concentration)/(Thermal Oxidation TOC Content) 
6Ratio of two and five-ring PAH concentration analyzed for in all samples:   
(Naphthalene + 1-Methylnaphthalene + 2-Methylnaphthalene)/(Benzo[b,k]fluoranthene + Benzo[a]pyrene) 

 



 

Table 4.6: Coefficient of Variation for PAH Concentrations 
 OG 1 OG 2 OG 5 OG 10 OG 17 OG 18 OG 20 CG 1 CG 2 CG 3 CG 11 CG 12 

Measurements 5 6 6 6 6 6 4 5 6 6 6 6 
Naphthalene 14% 18% 21% 12% 7% 7% 27% 1% 15% 12% 10% 14%
2-Methylnaphthalene 13% 7% 0% 10% 7% 6% 24% 2% 18% 6% 9% 15%
1-Methylnapthalene 26% -1 0% 10% 5% 6% 4% 1% 21% 7% 8% 15%
Acenaphthylene 9% 2% 8% 8% 8% 4% 7% 7% 16% 17% 10% 10%
Acenaphthene 63% -1 0% -1 -1 9% 3% 3% 15% 11% 6% 10%
Fluorene 62% 8% 0% 9% 11% 8% 5% 1% 9% 4% 7% 11%
Phenanthrene 39% 8% 15% 7% 8% 5% 6% 3% 12% 10% 5% 11%
Anthracene 16% 2% 5% 6% 7% 4% 7% 3% 12% 6% 7% 11%
Fluoranthene 32% 4% 4% 6% 5% 5% 4% 2% 10% 10% 5% 10%
Pyrene 10% 6% 4% 6% 5% 2% 5% 2% 13% 10% 5% 10%
Benzo[a]anthracene 23% 5% 6% 5% 4% 5% 2% 6% 13% 4% 5% 10%
Chrysene 7% 5% 4% 7% 4% 6% 4% 5% 14% 5% 6% 11%
Benzo[b,k]flouranthene 10% 4% 5% 5% 7% 6% 9% 9% 7% 7% 7% 5%
Benzo[e]pyrene -1 3% 5% 5% 4% 6% -1 -1 10% 9% 8% 11%
Benzo[a]pyrene 6% 3% 5% 4% 4% 7% 7% 9% 9% 7% 7% 11%
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4.3.3. Weathering Index 
The distribution of the PAHs varied among the 12 samples.  Some samples contained 

more two-ring PAHs than five-ring PAHs (OG 20), while other samples had higher 

concentrations of five-ring PAHs than two-ring PAHs (CG 11).  This can be an 

indication of the extent of weathering that a site has experienced.  Weathering is 

considered the combined influence of degradation, volatilization, and migration 

processes.  Due to the higher solubility and vapor pressures of two-ring PAHs, the 

weathering processes are more likely to decrease two-ring PAH concentrations than 

five-ring PAH concentrations.  Since the weathering processes can impact the 

fraction of PAHs that are readily available, it would be expected that in samples that 

have experienced extensive weathering, the remaining PAHs would desorb slowly.  

In contrast, PAHs would desorb relatively quickly from samples exposed to fewer 

weathering processes.   

A weathering index is a way to quantify the extent that weathering processes have 

impacted a site.  In this research, the weathering index is defined as the ratio of the 

two-ring PAH (naphthalene, 1-methylnaphthalene, 2-methylnaphthalene) 

concentrations to the five-ring PAH (benzo[b,k]fluorathene, benzo[a]pyrene) 

concentrations that were measured for all the samples.  A sample with a high 

weathering index indicates that the extent of these processes on a sample has been 

minimal.  A sample with low weathering index hints that the sample has undergone 

significant weathering.   

Since the samples started with varying PAH concentrations, it is acknowledged that 

this index is an approximation of weathering that might have occurred.  Despite this 

limitation, the weathering index does give an indication of the weathering that might 

have occurred at each site.  Figure 4.2 illustrates the weathering index for the 12 

samples.  Four of the sites show little weathering (weathering index > 2.0; OG 18, 

OG 20, CG 1 and CG 3).  There is no trend with MGP process or sample location. 
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Figure 4.2: Weathering Index Variation Among MGP Site Samples 

4.4. Organic Matter Description 
The type and amount of the organic matter present in a sample will likely impact the 

desorption mechanism controlling PAH release from the sample matrix (Section 2.4).  

Characterizing the organic matter is an important step in understanding the desorption of 

PAHs from the samples.  Several methods were undertaken to describe the organic 

matter.  Four different oxidation methods were used to quantify the amount of the organic 

matter present.  Comparisons among the oxidation methods, elemental analysis, and 

NMR were used to gain an understanding of the structure of the organic carbon. 

4.4.1. Total Organic Carbon 
Wakely-Black, Modified Mebius, Thermogravimetric Analysis, and Thermal 

Oxidation methods were all used to quantify the amount of organic material present 

in the sample.  Details of each method can be found in Section 3.1.3.  The methods 

varied in technique employed to oxidize the organic carbon in the sample. 
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4.4.1.1. Wakely Black 
The Wakely-Black method relies on potassium dichromate to oxidize the organic 

carbon.  There are analytical problems with potassium dichromate digestion.  

Chloride, iron (Fe+2), and manganese oxide can interfere with the oxidation 

process (Nelson and Sommers 1996).  Iron concentrations for OG 2, 5, 10, 17, 

and 18 were all below 2 mg/g dry weight.  The concentration at which iron 

interferes with potassium dichromate digestion is unclear.  Manganese oxide 

interference is thought to be insignificant in most samples (Nelson and Sommers 

1996).  The Wakely-Black method also has trouble fully oxidizing geologically 

old carbon such as charcoal and soot (Nelson and Sommers 1996).  Hence, any 

incomplete oxidation of the soot present in the MGP samples could lead to low 

total organic carbon values.  However, the Wakely-Black method will determine 

the readily oxidizable carbon, such as NAPL or some natural organic matter, 

present in a sample.  

4.4.1.2. Modified Mebius 
The Modified Mebius method also utilizes potassium dichromate digestion.  

Hence, it is subject to the same limitations as Wakely-Black method.  However, 

digestion of organic material with the Modified Mebius method is enhanced with 

the addition of heat.  Thus, the Modified Mebius procedure is able to oxidize 

more aromatic material than the Wakely-Black method.  Despite the additional 

heat, the Modified Mebius method is unable to completely oxidize highly 

condensed, aromatic carbon such as soot.  Hence, carbon that is oxidized by the 

Modified Mebius method, but not the Wakely-Black method, is moderately 

oxidizable.   

4.4.1.3. Thermogravimetric Analysis 
Thermogravimetric Analysis determines total organic carbon by subjecting the 

sample to a 650°C oxygen-rich environment.  The mass lost is defined as organic 

carbon.  Carbonate in samples can artificially raise total organic carbon contents 

determined with this method.  However, since the Thermogravimetric Analysis 
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organic carbon values closely mimic the elemental carbon data (Section 4.4.3), it 

is likely that carbonate is not a factor for the samples analyzed.   

4.4.1.4. Thermal Oxidation 
Thermal Oxidation was the fourth method used to quantify the total organic 

carbon.  Like Thermogravimetric Analysis, Thermal Oxidation uses heat to 

oxidize the carbon present in the sample.  The main difference in the methods in 

determining total organic carbon is the time during which the sample is heated 

and the final temperature.  The Thermal Oxidation method heated the samples to 

550°C rather than 650°C.  In addition, the Thermal Oxidation method subjected 

the samples to an elevated temperature for three-six hours, rather than 20 

minutes.  Both the Thermal Oxidation and Thermogravimetric Analysis methods 

likely oxidized nearly all the organic carbon, including the highly condensed, 

aromatic components.  Carbon that is oxidized by these methods, but not by the 

Modified Mebius method, is defined as stable carbon.   

4.4.1.5. Total Organic Carbon Comparisons 
Comparisons between the methods allow for the estimation of the degree to 

which the organic carbon in the samples is oxidizable.  The Wakely-Black 

method determined the readily oxidizable carbon.  The Modified Mebius method 

oxidized both the readily and moderately oxidizable carbon.  Thus, the 

moderately oxidizable carbon analytically is defined as the difference between 

the Wakely-Black and Modified Mebius methods.   

Both Thermogravimetric Analysis and Thermal Oxidation determined the 

combined total of readily oxidizable, moderately oxidizable, and stable carbon.  

The stable organic carbon is the difference between the Thermogravimetric 

Analysis or Thermal Oxidation and the Modified Mebius methods.  The extent to 

which the various total organic carbon methods oxidize carbon is summarized in 

Table 4.7.  It is hypothesized that PAHs in readily oxidizable and moderately 

oxidizable carbon will desorb to a greater extent or rate compared to PAHs in 

stable carbon.    
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Table 4.7: Summary of Methods Used to Analyze Total Organic Carbon 

Method 
Extent of Carbon 

Oxidized Quantification

Wakely-Black (WB) Readily Oxidizable WB 
Modified Mebius (MM) Moderately Oxidizable (MM-WB) 

Thermogravimetric Analysis (TGA) Stable Carbon (TGA-MM) 
Thermal Oxidation (TO) Stable Carbon (TO-MM) 

Table 4.8 shows the total organic carbon fractions (fraction of sample that is 

organic carbon) as measured by the four techniques.  Table 4.9 lists the 

coefficients of variation for each of the measurements.  In general, the thermal 

oxidation measurements had less variability than the Modified Mebius 

measurements.  This may be due the greater sample size that was used (~0.05 

grams for Modified Mebius versus 10 grams for Thermal Oxidation). 

Table 4.8: Total Organic Carbon Fractions (dry weight basis) 

 
Wakely-
Black 

Modified 
Mebius 

Thermogravimetric 
Analysis 

Thermal 
Oxidation 

OG 1 -1 0.01 0.12 0.12 
OG 2 0.02 0.56 0.63 0.75 
OG 5 0.01 0.11 0.09 0.12 
OG 10 0.03 0.47 0.87 0.90 
OG 17 0.02 0.37 0.52 0.56 
OG 18 0.03 0.20 0.29 0.32 
OG 20 -1 0.01 0.05 0.06 
CG 1 -1 0.02 0.08 0.07 
CG 2 0.01 0.03 0.04 0.06 
CG 3 0.03 0.08 0.12 0.11 
CG 11 0.02 0.09 0.45 0.24 
CG 12 0.04 0.07 0.15 0.13 

1Not Measured 
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Table 4.9: Coefficients of Variation of Total Organic Carbon Fractions  

 
Wakely-
Black 

Modified 
Mebius 

Thermogravimetric 
Analysis 

Thermal 
Oxidation 

OG 1 -1 17% -2 3% 
OG 2 -2 7% -2 2% 
OG 5 -2 3% -2 2% 
OG 10 -2 20% -2 8% 
OG 17 -2 6% -2 2% 
OG 18 -2 21% -2 20% 
OG 20 -1 17% -2 12% 
CG 1 -1 31% -2 10% 
CG 2 -2 34% -2 4% 
CG 3 -2 9% -2 5% 
CG 11 -2 3% -2 8% 
CG 12 -2 6% -2 8% 

1Not Measured. 
2Data collected by collaborative researchers, unknown coefficient of 
variation. 

A comparison between Thermogravimetric Analysis and Thermal Oxidation data 

serves as a quality control check as the two similar methods oxidize nearly all 

organic carbon present.  The fact that the Thermal Oxidation values are slightly 

larger than the Thermogravimetric Analysis values for the OG samples is likely 

due to the fact that the Thermal Oxidation method heated the sample for a longer 

duration (ensuring more complete oxidation). 

The Thermogravimetric Analysis and Thermal Oxidation methods measured 

similar carbon and represented the most complete oxidation.  As a result, 

Thermal Oxidation values were chosen as the parameter against which the other 

methods and results were compared.  Comparisons between Wakely-Black and 

Modified Mebius results are shown as a percent of the Thermal Oxidation value 

in Figure 4.3. 
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Figure 4.3: Percent Total Organic Carbon Measurements of Thermal 

Oxidation 

For OG 5, the Modified Mebius value approached the Thermal Oxidation value, 

indicating that a majority of the carbon in OG 5 is moderately oxidizable.  For 

this sample, very little of the organic matter is readily oxidizable, as can be seen 

by the low Wakely-Black total organic carbon values.  For OG 10, 17, and 18 the 

Modified Mebius values are lower than the Thermal Oxidation values, indicating 

that all contain a significant fraction of stable carbon that the Modified Mebius 

procedure could not oxidize.  These samples also had little highly oxidizable 

carbon (low Wakely-Black total organic carbon values).  In contrast, CG 2 and 3 

had significant amounts of highly oxidizable (Wakely-Black), moderately 

oxidizable (difference between Modified Mebius and Wakely Black), and stable 

carbon (difference between Thermal Oxidation and Modified Mebius).   
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4.4.2. Soot and Non-Soot Fractions 
In addition to determining total organic carbon content, Thermal Oxidation can be 

used to broadly classify the type organic carbon present in the sample.  Thermal 

Oxidation is a two-stage method that differentiated between soot (highly condensed, 

aromatic carbon) and non-soot (more readably oxidizable carbon).  The 

quantification of the extent to which the carbon is oxidizable allows for numerical 

comparisons with other sample matirx characteristics and PAH release parameters.   

In the thermal oxidation method, the non-soot (readily and moderately oxidizable) 

carbon was defined as mass lost in the initial heating of the sample to 375°C in the 

presence of oxygen.  Gustafsson et al. showed that 375°C is an adequate delineator 

between soot and non-soot carbon (Gustafsson et al. 1997).  The soot (stable carbon) 

carbon was defined as mass lost upon further heating the sample to 550°C.  The total 

organic carbon values presented previously (Table 4.8) represent the sum of non-soot 

and soot carbon.   

Table 4.10 summarizes the Thermal Oxidation data.  All measurements were done in 

triplicate.  High coefficients of variation correlated to values near detection limits.   

Table 4.10: Soot and Non-Soot Fractions as determined by Thermal Oxidation 

 Non-Soot Soot Fraction Total Organic 
Carbon That Is Soot 

 Average COV Average COV Average COV
OG 1 0.03 29% 0.09 13% 0.75 1%
OG 2 0.04 42% 0.71 4% 0.95 3%
OG 5 0.01 19% 0.11 3% 0.93 0%
OG 10 0.01 80% 0.89 1% 0.99 1%
OG 17 0.03 13% 0.53 9% 0.95 4%
OG 18 0.04 19% 0.28 4% 0.87 1%
OG 20 0.02 56% 0.04 17% 0.70 1%
CG 1 0.03 4% 0.04 8% 0.55 0%
CG 2 0.02 10% 0.04 3% 0.73 0%
CG 3 0.06 19% 0.06 29% 0.49 3%
CG 11 0.03 15% 0.21 12% 0.88 2%
CG 12 0.07 8% 0.06 5% 0.46 1%

Figure 4.4 shows these data graphically; the error bars represent a standard deviation 

of the triplicates.  In general, the oil gas samples tended to have a higher fraction of 
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organic matter that was soot (average of 0.88) than did the coal gas samples (average 

of 0.62).  This is consistent with the expectation of the presence of highly aromatic 

lampblack in the oil gas samples.  Lampblack residue was not produced at coal gas 

facilities.   
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Figure 4.4: Soot/Non Soot Carbon Analysis 

4.4.3. Elemental Analysis 
The total organic carbon methods resulted in general descriptions of the organic 
carbon in the sample.  The degree to which the organic carbon is oxidizable is only 
an indication of the structure of the organic matter.  To better understand the structure 
of the organic matter in these samples, and the desorption of PAHs from organic 
matter, elemental analysis (carbon, C; hydrogen, H; nitrogen, N; sulfur, S) was 
conducted on each the sample (Table 4.11).   
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Table 4.11: Elemental Contents (moles/g dry weight basis)1 
 C H N S 

OG 1 0.83 0.33 0.01 0.010 
OG 2 4.95 0.78 0.06 0.011 
OG 5 0.57 0.24 0.01 0.003 
OG 10 7.21 1.42 0.08 0.020 
OG 17 3.94 0.68 0.05 0.018 
OG 18 2.13 0.85 0.03 0.026 
OG 20 0.19 0.26 0.00 0.002 
CG 1 0.38 0.40 0.01 0.004 
CG 2 0.22 0.34 0.01 0.008 
CG 3 0.62 0.71 0.03 0.016 
CG 11 2.44 1.06 0.08 0.011 
CG 12 0.65 0.62 0.03 0.008 

1Data supplied by collaborative researchers; number of samples is unknown. 

The ratio of the elements analyzed can be used to characterize the carbon.  The molar 
C/H ratio can be used to describe the relative aromatic content of the sample.  For 
example, dodecane, (C12H26) a straight chain hydrocarbon, has a molar C/H ratio of 
0.46; while naphthalene, (C12H10) a two-ring PAH, has a molar C/H ratio of 1.2.  In 
other words, a high molar C/H ratio corresponds to a high aromatic content in the 
sample.   

The molar C/N can be used to estimate the polarity of the carbon.  Unlike carbon, 
nitrogen contains an unbonded electron pair.  Hence, the electron distribution around 
nitrogen is asymmetric in most cases.  This makes nitrogen a slightly more polar 
molecule than carbon.  Thus, organic carbon with a small C/N ratio will be more 
polar than organic carbon with a larger C/N ratio.  Non-polar PAHs are likely to 
interact more strongly with a less polar organic matter.   

Table 4.12 summarizes the elemental ratios for the samples.  The OG samples tend to 
have higher C/H ratios then the CG samples.  This is consistent with the fact that the 
oil gas facilities produced highly aromatic lampblack residuals, which were not 
produced in the coal gas process.   
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Table 4.12: Elemental Ratios (moles/g dry weight basis) 
 C/H Ratio C/N Ratio 

OG 1 2.5 82.7 
OG 2 6.3 82.4 
OG 5 2.4 73.1 
OG 10 5.1 87.0 
OG 17 5.8 82.3 
OG 18 2.5 76.4 
OG 20 0.7 544.8 
CG 1 1.0 53.7 
CG 2 0.6 20.1 
CG 3 0.9 23.2 
CG 11 2.3 30.3 
CG 12 1.1 22.9 

Elemental ratios can also be used to gain a better characterization of the oxidation 
data presented.  The soot fraction, as measured by Thermal Oxidation, was expected 
to be a more aromatic material than the non-soot fraction.  As expected, the more 
aromatic samples (high C/H ratio) contained organic matter that consisted mainly of 
soot (Figure 4.5).  Less aromatic (low C/H ratios) samples had lower fractions of 
organic matter that were soot.   

In addition, it was also expected that the soot was a highly aromatic material.  This is 
supported by Figure 4.6; as the soot content increases, the molar C/H ratio increases.  
Combined with Figure 4.5, this is evidence that the organic material in OG samples is 
highly aromatic.   

The amount of nitrogen present in the sample also gives an indication to the structure 
of the organic carbon.  Figure 4.7 illustrates how the moles of nitrogen per gram of 
soot (nitrogen soot concentration) vary with soot content.  For the OG samples, the 
nitrogen soot concentrations tend to be relatively constant for all OG samples.  This 
trend was not seen in the OG samples for the non-soot fraction.   
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Figure 4.5: Comparison of Fraction of the Organic Matter that is Soot and 

C/H Molar Ratio 

Soot Fraction = 0.13*(C/H Ratio) - 0.09
R2 = 0.84
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Figure 4.6: Comparison of Soot Fraction and C/H Molar Ratio 
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Figure 4.7: Comparison of Molar Nitrogen/Soot Mass Ratio 

The constant nitrogen soot concentrations for OG samples suggests that the nitrogen 
is associated with or incorporated into the soot for these samples.  If a majority of the 
nitrogen was associated with a sample component other than the soot fraction, the 
nitrogen soot concentrations for the seven OG samples would be expected to be 
random. 

If it is assumed that nitrogen is associated with the soot fraction, the fact that nitrogen 
soot concentrations are nearly constant for all OG samples suggests that the soot 
fractions in the OG samples may be structurally similar with respect to nitrogen.  
Nitrogen that is distributed in an uneven fashion within the soot would be expected to 
have varying nitrogen soot concentrations over seven separate samples. 

A majority of the organic residues at oil gas sites contain solid lampblack.  These 
solids formed from oils sprayed into the heated chamber during the cracking process.  
Under the heated conditions, the oils were vaporized prior to cracking.  Residual 
solids that formed were the result of a gaseous to solid transition.  During this 
transition, it is possible that the nitrogen was incorporated from the atmosphere.  This 
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would help explain why all the oil gas samples have similar nitrogen soot 
concentrations.  Further investigation into nitrogen isotope ratios in the oil gas 
samples could explain whether this hypothesis is valid.  However, such an effort is 
beyond the scope of this research.   

Regardless of the source of the nitrogen for the oil gas samples, the constant nitrogen 
soot concentration implies that PAHs sorbed to the soot fraction in OG samples 
would be expected to be controlled by same desorption mechanism and should 
release from the sample in a similar fashion.   

The lack of a trend between the soot fraction and the nitrogen soot concentration in 
the CG samples (Figure 4.7) indicates that either the soot structure is not 
homogenous across these samples, or that a significant portion of the nitrogen is 
associated with non-soot fraction in a non-uniform manner.  This second hypothesis 
is drawn from the fact that no trend was seen between the non-soot fraction and 
nitrogen non-soot concentration for CG samples.   

The main residues from the coal gas process were coal tars and coke.  These residues 
were the result of incomplete cracking of the feedstock coal.  Hence, nitrogen in the 
residues was probably present in the coal prior to the cracking process.  Given the 
wide range of feedstock coals it would be expected that the nitrogen in the residuals 
to also be variable.  Further investigation into nitrogen isotope ratios in the coal gas 
samples could also explain whether this hypothesis is valid.   

Regardless of the source of the nitrogen, the higher nitrogen soot concentrations for 
the CG samples suggest that the CG samples may provide a more polar partitioning 
media than the OG samples.   

4.4.4. Nuclear Magnetic Resonance 
The data presented to this point implies a structure for the organic carbon based on 
correlations of indirect measurements.  To validate these inferences, a direct 
measurement of bond structure was sought.  A single Solid-State Cross-Polarization 
Magic Angle Spinning Nuclear Magnetic Resonance (CPMAS NMR) analysis was 
preformed on a subset of each of the 12 samples.  In CPMAS NMR analysis, varying 
bonds shift the frequency of response by varying degrees.  The shift in the frequency 
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is compared to a reference compound and recorded as part per million (ppm) shift in 
magnetic field.  It has been established that the shift directly correlates to the atom to 
which carbon is bonded (Table 4.13). 

Table 4.13: Nuclear Magnetic Resonance Carbon Shifts (Ahmad et al. 2001) 
Shift 

(ppm) Bond 
0-45 C-H 

45-100 C-O 
110-140 Aromatic 
140-165 Aromatic-O 
165-190 C=O 
190-220 Aldehyde/Ketone

To ensure that the method was appropriate to elucidate aliphatic and aromatic 
components, an aliphatic (tetracontane, C40H82) and an aromatic (benz[a]anthracene, 
C18H122) compound were spiked onto Min-u-sil (small diameter silica beads supplied 
by Dr. Desmond F. Lawler) at roughly 5% percent concentration each.  The resulting 
spectrum, shown in Figure 4.8, contained the expected peaks around 30 ppm 
(tetracontane) and 125 ppm (benz[a]anthracene).  This demonstrated the method 
could detect both aromatic and aliphatic components. 

 
Figure 4.8: Nuclear Magnetic Resonance Spectrum for an Aliphatic 

(Tetracontane) and Aromatic (Benz[a]anthracene) 
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The 12 samples were analyzed without pretreatment.  Figure 4.9 shows the resulting 
spectrum from OG 10.  Figure 4.10 shows the spectrum from CG 1.   

 
Figure 4.9: Nuclear Magnetic Resonance Spectrum for OG 10 

 
Figure 4.10: Nuclear Magnetic Resonance Spectrum for CG 1 

These results exemplify the range of results obtained for all the samples.  All detected 
peaks were in the aromatic region of 110-165 ppm.  No aliphatic components (0-45 
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pmm) were detected above background noise for any of the samples.  The spectrums 
of all the samples can be found in the Appendix (Section B).  OG 17 interfered with 
the data acquisition and, therefore, no results were obtained for this sample.   

The lack of detection of the aliphatic components could have been due to interference 
from paramagnetic sample components, such as iron.  Two samples with low NMR 
responses (CG 1 and CG 2) were treated in an attempt to remove interfering 
paramagnetic components.  Sample in dialysis tubing was stirred for 24 hours each in 
the following solutions sequentially:  in 0.1 M sodium pyrophosphate, 0.15 M oxalic 
acid, and 0.1 M hydrofluoric acid.  After air drying, NMR spectra were generated.  
The peaks in the treated spectra did not significantly increase above untreated 
samples.  Due to the danger posed by hydrofluoric acid and the lack of increased 
resolution, this process was not attempted on other samples. 

Solid-State NMR data are qualitative.  Hence, direct comparisons between the 
samples are difficult.  However, assuming that signal response is roughly 
proportional to aromatic content (i.e., making the assumption that paramagnetic 
inference across all samples is minimal or similar), the peaks can be integrated for 
comparison purposes.  The spectra were integrated over the aromatic region (110-165 
ppm) as no other peaks were detected.  The resulting areas were then ranked relative 
to one another to enable comparisons to other sample properties.  A ranking of 1 
corresponded to the smallest integrated area.  With this approach, CG 3 had the 
lowest integrated area and was given the rank of 1.  The sample with the largest 
integrated area, OG 10, was given a rank of 11 (interferences prevented the 
generation of spectrums for OG 17; therefore only 11 samples were analyzed with 
NMR).  Table 4.14 provides the NMR rankings for the samples analyzed.  Ranking 
the samples, rather than using absolute integration values, mitigated paramagnetic 
interference complications in comparisons. 

To confirm that the soot consisted of an aromatic material, the soot content was 
compared to the NMR rank (Figure 4.11).  Increasing soot content correlated in an 
increased NMR rank (more aromatic).  The slight deviation from this trend at lower 
ranks is likely due to NMR integrations near detection limits and low soot contents 
that have overlapping 95% confidence regions. 
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Table 4.14: Summary of NMR Rank 
 NMR Rank 

OG 1 5 
OG 2 10 
OG 5 7 

OG 10 11 
OG 17 -1 
OG 18 9 
OG 20 4 
CG 1 3 
CG 2 2 
CG 3 1 
CG 11 8 
CG 12 6 

1Not applicable. 
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Figure 4.11: Comparison of Nuclear Magnetic Resonance Aromatic Integration 

Rank and Soot Fractions 
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The increasing NMR response with increasing soot fraction, combined with the lack 
of any aliphatic response for the samples and the C/H molar ratio correlation to the 
soot fraction (Figure 4.6), suggests that the soot fraction of these samples is a highly 
aromatic medium. 

4.4.5. Organic Matter Summary 
Combining the results of all the organic matter characterization studies reveals a 
picture of the structure of the carbon present in the samples.  To gain a broad 
perspective of the organic carbon in the samples, delineations between high and low 
values for the investigations reviewed in this section were made (Table 4.15).  The 
delineations presented in Table 4.15 are somewhat arbitrary. However, they are 
reasonable and allow broad comparisons of the carbon structure in the samples.  An 
example of how these delineation points were determined is illustrated with the C/H 
ratio (Table 4.12).  Five of the twelve C/H ratios are equal to or less than 1.0.  The 
remaining seven C/H ratios are above 2.3, with four having values between 2.3 and 
2.5.  Hence, a C/H ratio of 2.0 was a reasonable delineation between the relatively 
high aromatic content and low aromatic content samples.   

Table 4.15: Values Used to Delineate Low and High Matrix Parameters 
 Parameter Value 

Oxidizable Carbon Wakely/Black to Thermal 
Oxidation Ratio 0.1 

Soot Soot Fraction 0.1 
Polarity Nitrogen Soot Concentration 0.15 

Aromatic C/H Ratio 2.0 

Table 4.16 uses these delineations to summarize the sample characterization data.   
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Table 4.16: Summary of Sample Characterization 

 Oxidizable 
Carbon Soot Polarity Aromatic 

OG 1 -1 Low Low High 
OG 2 Low High Low High 
OG 5 Low High Low High 

OG 10 Low High Low High 
OG 17 Low High Low High 
OG 18 Low High Low High 
OG 20 -1 Low Low Low 
CG 1 -1 Low High Low 
CG 2 High Low High Low 
CG 3 High Low High Low 
CG 11 Low High High High 
CG 12 High Low High Low 
1Not applicable. 

Based on this analysis, OG 2, 5, 10, 17, and 18 have similar aromatic, non-polar, soot 
constituents.  Given a similar PAH distribution, the release of PAHs from these oil 
gas samples would be expected to be similar.  CG 1, 2, 3, and CG 12 have less 
aromatic, more oxidizable, more polar carbon constituents.  The release from these 
coal gas samples would be expected to be comparable, if the initial PAH distributions 
are comparable.  OG 1, OG 20, and CG 11 are not easily classified by this type of 
evaluation. 

Overall, this analysis indicates that the oil gas and coal gas samples used contain 
different carbon residues to which the PAHs may partition.  This is not unexpected 
given the differences in the residues that the different processes MGP produced.  
Hence, PAHs may release differently from residues from two processes.  If this is 
true, trends might be seen in comparing PAH release from OG 2, 5, 10, 17, and 18 
with CG 1, 2, 3, and 12.  Such comparisons are presented and discussed in Section 
6.1. 
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5.  Desorption Kinetics  
To determine the desorption mechanisms that control the release of PAHs from MGP 

samples, the rate and extent of release must be quantified.  This research used the rate of 

release (ROR) protocol (Section 3.2.1) to determine the release of PAHs from the MGP 

samples over a four month time period.  The objective of this section is to present the ROR 

data from the 12 MGP samples used in this study.   

5.1. Kinetic Data 
The rate and extent of release of PAHs from the MGP site samples varied significantly.  

However, a two phase release was seen for most PAHs (Figure 5.1).  An initial fast PAH 

release was followed by a much slower release.  Smaller PAHs, such as naphthalene, 

tended to have a sharp definition between the two phases.  The definition between the 

two phases was less clear for larger PAHs, such as benzo[a]pyrene.   
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Figure 5.1: Release Patterns for Different PAHs in OG 18 
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Figure 5.1 also shows that the fraction of PAHs released decreased with increasing PAH 

size.  This trend was seen with nearly all samples evaluated.  The trend was expected as 

large PAHs have decreasing solubility. 

Figure 5.2 and Figure 5.3 illustrate that the release of specific PAHs was highly variable 

between various MGP samples.  Fast releasing fractions for all PAHs ranged from 0.00 to 

0.89.  Fast releasing mass for all PAHs ranged from 0.6 to 3,200 mg/kg dry weight.   
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Figure 5.2: Release Patterns for 2-Methlylnaphthalene in Various MGP 

Samples 
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Figure 5.3: Release Patterns for Benzo[a]pyrene for Various MGP Samples.   

5.1.1. Curve Fit Criteria 
To enable comparisons (Section 6.1) with sample characterization data (Section 4), 

the approximately 50 data points collected over four months for each PAH in each 

ROR experiment were summarized using a mathematical model.  The empirical 

curve fit used a two-site equation to quantify the two-phase release (Section 3.2.1.3).  

However, not all experimental release patterns for chemicals in field samples have a 

distinct two-phase release.  When the release is not two-phase, the two-site model is 

not applicable.  The remainder of this section reviews the criteria used to determine 

the applicability of the two-site model. 

In the following evaluations, the intent was to use only release data that can be 

adequately approximated by a two-site model.  Seven criteria were applied to the 

curve fit parameters to avoid use of inappropriate data.  The first three criteria focus 

on lack of data.  The last four criteria center on the applicability of the two-site 

model.  The two-phase curve fit parameters were not used in the following 

evaluations if any of the first six criteria were met.  The seventh criterion was used to 
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flag possible problematic data.  However, this data was not thrown out and was used 

in subsequent analyses. 

Criteria 1: The sample was not analyzed for benzo[e]pyrene.  Three samples 

were not analyzed for benzo[e]pyrene. 

Criteria 2: The PAH was below detection in the original sample.  This occurred 

five times. 

Criteria 3: The PAH was detected in the sample, but there was no chemical 

released.  The initial characterization data indicated that the PAH was 

present in the sample, but no release of the PAH was measured in the 

ROR protocol (PAH was not detected on XAD2).  There were 16 

instances of this situation. 

Criteria 4: The determined values of F, k1 or k2 were zero or negative.  In some 

situations, the results of the two-site model were not reasonable.  For 

instance, a negative k2 can result, or an F is determined that is larger than 

the total fraction of PAH released after 119 days.  When a negative k2 

value results, the model implies that the fraction of PAH released is 

going down over time, and PAH are resorbing to the sample.  This is not 

what is physically occurring in the vial.  An addition, a negative F is also 

unreasonable.  For the results obtained, F and k1 were never zero or 

negative for the data used.  k2 was negative six times. 

Criteria 5: The ratio of k1 to k2 is less than ten.  If k1 is equal or close to k2, the 

curve fit is essentially a single first order fit and there is no distinct 

second phase.  Hence, the two-site model is not applicable.  This 

occurred six times. 

Criteria 6: There was no detectable release prior to 21 days.  No release prior to 

21 days is an indication that the PAH release is very low and that the 

release concentration is below detection limits.  In addition, if there is no 

chemical release prior to 21 days, the two-site model can not accurately 

account for the fast release fraction (F) from the sample.  When this 
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occurs, the two-site model can arbitrarily fit the fast release as any value 

between zero and the release at 21 days.   

The day 21 cutoff is somewhat arbitrary.  A cutoff at a later point than 

day 21 of the ROR protocol will result in a greater uncertainty in the 

model fit (an increase of 14 days to next data point).  A cutoff at day 12 

of the ROR protocol gains only five more days (day 7) and removes less 

uncertainty from the model at the cost of losing data points.  If there is no 

data prior to day 21, the two-site model was assumed not to be an 

adequate description of the release curves.  This occurred 10 times. 

Criteria 7: The F value is less than one-tenth the fraction of PAH released after 

119 days.  In some cases, the curve fits pass all the previously stated 

criteria.  However, the data still appears to have nearly a linear or first-

order release.  When F is less than one-tenth of the total release, the 

curve fit is essentially first order.  This results in about 90% of the 

release occurring over roughly 90% of the time being modeled by k2.  (In 

contrast, when F is 90% of the total release or greater, k2 models 10% of 

the release over 90% of the time.  Hence, the latter is descriptive of two-

phase release).  In addition, when the value of F is less than one-tenth of 

the total release after 119 days, the 10% of the curve that is modeled by 

k1 generally has few or no data points.  Hence, with the above conditions, 

the two-site model is not a good description of the release curve.  

However, due to collaborative efforts, this data was flagged and used in 

subsequent analyses.  This occurred 12 times. 

The capacity of the XAD2 and whether the data were the result of kinetically or 

equilibrium constrained was also reviewed prior to finalizing the curve fit parameter 

values.   

Criteria 8: There was a statistical difference in the XAD2 capacity study.  This 

was reviewed in Section 3.2.2.1 and Table 3.10.  The capacity of XAD2 

may have been exceeded if the PAH mass found on original and reloaded 

XAD2 was statistically different from the PAH mass found on XAD2 
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sampled after 119 days of continuous tumbling.  The curve fit data from 

the six times that this occurred was flagged.  

Criteria 9: The ROR data was possibly the result of equilibrium constraints.  

This was reviewed in Section 3.2.2.2 and Table 3.13.  Since an absolute 

determination on whether the ROR data was the result of kinetic or 

equilibrium constraints could not be made, all data were used.  However, 

the 16 instances in which equilibrium constraints were possible have 

been flagged.   

The following tables show the ROR curve fit values for the 12 MGP samples 

analyzed in this research.  The nine curve fit criteria have been applied to the data.  

Of the 180 potential curve fits, 127 (71%) met the two-site criteria and were used in 

subsequent comparisons.   
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Table 5.1: Fast Released Fraction (F) Determined by ROR protocol 

 OG 1 OG 2 OG 5 OG 10 OG 17 OG 18 OG 20 CG 1 CG 2 CG 3 CG 11 CG 12

naphthalene   -     -   -    --3 0.189 4 0.24 0.46 0.589 4 0.899 3 0.899 0.029 6 
2-methylnaphthalene         -   -   

  -  -         -  -
         -     

  -  -  -  -        -
  -  -           

             
   -           
            

            
             

            
            -

        -     -
            -

-3 0.10 -3 0.15 0.26 0.52 0.85 0.859 6 0.839 6 0.04
1-methylnaphthalene -3 2 3 0.14 0.23 0.49 0.88 0.899 0.26 0.779 5 6 

acenaphthylene -3 0.01 -6 0.06 0.07 0.28 0.49 0.689 3 0.12 -3 0.01
acenaphthene -3 2 2 2 2 0.42 0.86 0.80 -4 0.84 -6 3 

fluorene -3 6 3 0.12 0.09 0.36 0.80 -5 0.45 0.73 -6 0.02
phenanthrene -3 0.05 0.05 0.158 0.12 0.33 0.74 0.889 0.38 0.67 -5 0.01

anthracene -3 0.058 6 0.07 0.08 0.24 0.79 0.889 0.45 0.60 0.018 0.01
fluoranthene 0.05 0.017 0.04 0.09 0.05 0.24 0.78 0.819 0.37 0.60 -5 0.00

pyrene -6 0.027, 9 0.04 0.08 0.05 0.26 0.71 0.849 0.33 0.62 -5 0.01
benz[a]anthracene -3 0.017 0.04 0.03 0.017 0.17 0.71 0.69 0.24 0.46 -5 0.02

chrysene 0.04 0.017 0.06 0.04 0.04 0.16 0.73 0.709 0.22 0.46 -5 0.01
benzo[b,k]fluoranthene 0.01 0.007 0.09 0.017 0.007 0.08 -4 0.33 0.18 0.31 0.018 6 

benzo[e]pyrene -1 0.007 0.10 0.017 0.03 0.08 -1 1 0.17 0.17 -4 6 
benzo[a]pyrene -5 0.007 0.15 -6 0.01 0.08 -4 0.35 0.17 0.33 0.028 6 
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1The sample was not analyzed for benzo[e]pyrene. 
2The specific PAH was below detection in the sample. 
3The PAH was detected in the sample, but there was no released detected. 
4The F, K1 or K2 is zero or negative. 
5The ratio of K1 is less than ten times larger than K2. 
6There was no detectable release prior to 21 days. 
7The F value is less than one tenth the total release after 119 days. 
8Statistical difference in capacity study (Table 3.10).   
9ROR may be measuring XAD2/sample equilibrium partitioning (Table 3.13). 

 



 

Table 5.2: Fast Release Rate Constant (k1,1/day) Determined by ROR Protocol 

 OG 1 OG 2 OG 5 OG 10 OG 17 OG 18 OG 20 CG 1 CG 2 CG 3 CG 11 CG 12

naphthalene   -     -   -    --3 0.419 4 0.89 1.9 5.69 4 13.59 3 18.99 18.69 6 
2-methylnaphthalene         -   -   

  -  -         -  -
         -     

  -  -  -  -        -
  -  -           

             
   -           
            

            
             

            
            -

        -     -
            -

-3 1.6 -3 1.1 0.96 5.7 26.1 10.99 6 16.39 6 16.4
1-methylnaphthalene -3 2 3 1.2 0.79 7.0 28.5 10.59 1.63 20.69 5 6 
acenaphthylene -3 1.26 -6 1.2 0.68 7.8 21.5 10.29 3 0.5 -3 7.7
acenaphthene -3 2 2 2 2 7.2 25.6 7.6 -4 7.3 -6 3 
fluorene -3 6 3 1.2 0.33 8.0 22.8 -5 22.5 10.1 -6 0.24
phenanthrene -3 0.41 1.0 1.48 0.22 4.6 17.0 3.69 20.4 4.4 -5 0.68
anthracene -3 1.18 6 1.1 0.18 5.5 16.1 3.09 21.7 3.6 0.038 0.28
fluoranthene 0.01 0.327 0.45 0.56 0.08 1.7 5.6 1.39 12.8 1.4 -5 0.46
pyrene -6 0.217, 9 0.38 0.55 0.07 1.7 5.6 1.19 12.3 1.4 -5 0.08
benz[a]anthracene -3 0.137 0.10 0.15 0.37 0.46 1.3 0.30 4.6 0.44 -5 0.07
chrysene 0.09 0.237 0.12 0.09 0.02 0.40 1.4 0.329 4.0 0.42 -5 0.24
benzo[b,k]fluoranthene 0.06 0.177 0.03 0.177 0.17 0.26 -4 0.12 1.6 0.13 0.01-8 6 
benzo[e]pyrene -1 1.407 0.02 0.087 0.01 0.17 -1 8 1.7 0.09 -4 6 
benzo[a]pyrene -5 6.697 0.01 -6 0.01 0.19 -4 0.13 0.19 0.19 0.008 6 
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1The sample was not analyzed for benzo[e]pyrene. 
2The specific PAH was below detection in the sample. 
3The PAH was detected in the sample, but there was no released detected. 
4The F, K1 or K2 is zero or negative. 
5The ratio of K1 is less than ten times larger than K2. 
6There was no detectable release prior to 21 days. 
7The F value is less than one tenth the total release after 119 days. 
8Statistical difference in capacity study (Table 3.10).   
9ROR may be measuring XAD2/sample equilibrium partitioning (Table 3.13). 

 



 

Table 5.3: Slow Release Rate Constant (1000*k2,1/day) Determined by ROR Protocol 

 OG 1 OG 2 OG 5 OG 10 OG 17 OG 18 OG 20 CG 1 CG 2 CG 3 CG 11 CG 12

naphthalene   -     -   -    --3 1.79 4 3.9 6.3 3.09 4 5.29 3 8.89 0.19 6 
2-methylnaphthalene         -   -   

  -  -         -  -
         -     

  -  -  -  -        -
  -  -           

             
   -           
            

             
             

            
            -

        -     -
            -

-3 0.8 -3 1.9 2.5 2.3 3.3 1.79 6 17.29 6 0.5
1-methylnaphthalene -3 2 3 1.4 2.0 1.9 4.3 2.69 0.1 1439 5 6 
acenaphthylene -3 0.4 -6 0.6 0.6 1.1 4.0 1.39 3 0.9 -3 0.2
acenaphthene -3 2 2 2 2 1.2 4.0 0.6 -4 16.5 -6 3 
fluorene -3 6 3 1.2 0.8 1.3 10.8 -5 0.2 10.3 -6 0.3
phenanthrene -3 1.2 0.7 1.38 1.0 1.1 2.9 3.69 0.7 14.9 -5 0.3
anthracene -3 0.48 6 0.7 0.5 0.7 4.8 2.29 0.4 7.5 0.28 0.3
fluoranthene 0.1 1.87 2.5 1.0 0.9 0.8 1.7 4.89 0.4 6.8 -5 0.2
pyrene -6 1.97, 9 2.4 0.9 0.9 0.4 1.6 13.79 0.1 6.8 -5 0.1
benz[a]anthracene -3 1.67 1.8 0.5 0.6 0.6 2.3 10.0 0.2 3.2 -5 0.3
chrysene 0.6 1.77 2.3 0.7 0.7 0.8 2.2 12.29 0.2 3.5 -5 0.3
benzo[b,k]fluoranthene 0.3 0.87 1.2 0.57 0.3 0.9 -4 6.6 0.4 2.3 0.28 6 
benzo[e]pyrene -1 0.87 1.0 0.57 0.3 0.7 -1 1 0.3 1.4 -4 6 
benzo[a]pyrene -5 0.77 0.6 -6 0.2 0.7 -4 9.0 0.7 0.7 0.18 6 
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1The sample was not analyzed for benzo[e]pyrene. 
2The specific PAH was below detection in the sample. 
3The PAH was detected in the sample, but there was no released detected. 
4The F, K1 or K2 is zero or negative. 
5The ratio of K1 is less than ten times larger than K2. 
6There was no detectable release prior to 21 days. 
7The F value is less than one tenth the total release after 119 days. 
8Statistical difference in capacity study (Table 3.10).   
9ROR may be measuring XAD2/sample equilibrium partitioning (Table 3.13). 

 

 



 

5.1.2. Curve Fit Uncertainty 
Prior to comparing the release data to sample characteristics, the uncertainty in the 

curve fit parameters was determined.  This was done to ensure that uncertainty in the 

curve fit parameters was small enough so as not to influence any conclusions drawn 

in comparing the curve fit parameters and sample characteristic data.   

The likelihood method was used to analyze the variability of the curve fit parameters 

(Section 3.4.3).  The program used to analyze the data reported 95% confidence 

regions for the curve fit values.  The 95% confidence regions for each sample can be 

found in the Appendix (Section C).  The purpose of this discussion is to illustrate the 

average uncertainty in the curve fit parameters generated for this research. 

The average 95% confidence region on the fast release fraction, F, values was ±0.04.  

The size of the confidence region did not change significantly with the F value.  For 

example, the fast fraction for 2-methylnaphthalene in OG 20 had a 95% confidence 

region of 0.83 to 0.87, while pyrene in OG 17 had a confidence region of 0.03 to 

0.09.  Two samples, OG 2 and CG 12, had large 95% confidence regions for F.  

Without these two samples, the remaining samples had an average 95% confidence 

regions ±0.02. 

Since the likelihood method was applied to normalized data, it accounted for 

analytical uncertainty and curve fit error.  However, it did not take into account error 

in the normalizing value.  This does not affect the uncertainty in the rate constants (k1 

and k2), but does affect the uncertainty of F.  The average coefficient of variation for 

the normalizing concentrations was 8% (Table 4.6).  The contribution of this 

normalizing error on F depends on the fast fraction released.  For example, for a 

sample with a fast fraction of 0.9, the uncertainty in the normalizing value meant this 

value could actually be anywhere from 0.82 to 0.98.  Hence, for large F values, the 

uncertainty in the normalizing value could approach or exceed the analytical and 

curve fit uncertainty.  However, for a sample with a fast fraction value of 0.1, the 

uncertainty in the normalizing value meant this value could be anywhere from 0.09 to 

0.11.  For small F values, this normalizing value uncertainty was moderate compared 

to the analytical and curve fit uncertainty. 
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The average 95% confidence interval for k1 was ±1.8 (the average k1 value was 4.7).  

The average 95% confidence interval for k2 was ±0.0024 (the average k2 value was 

0.0032). 

Overall, the uncertainty in the curve fit parameters is reasonable given the number of 

analytical measurements involved in deriving the kinetic desorption data.  The 

uncertainty in the curve fit parameters should not impact conclusions drawn in 

comparing the curve fit parameters and sample characteristic data. 

5.2. Summary of Kinetic Data 
The quantification of the kinetics of PAH release allows for the comparison of the curve 

fit parameters to the sample characteristic data to elucidate desorption mechanisms.  The 

results of Section 3.2.4 demonstrated that most, if not all, of the data generated with the 

ROR procedure for these samples were kinetically rather than equilibrium constrained.  

The curve fit parameters were flagged in situations where it was not definite that kinetic 

constraints were being measured.  The uncertainty in the curve fit parameters should not 

inhibit the comparison of the curve fit parameters and sample characteristic data.  These 

comparisons are reviewed in Section 6. 
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6. Desorption Mechanisms 
The 12 samples analyzed in this research had a wide range of PAH concentrations, organic 

carbon contents, organic carbon structures, and release characteristics.  It is unlikely that any 

one test or comparison can determine the exact mechanisms that control PAH desorption for 

each sample.  Rather, this section seeks to elucidate the PAH desorption mechanisms from 

the MGP samples via a weight-of-evidence approach.  Three independent methods were used 

to infer the desorption mechanisms that controlled the release of PAHs from the MGP 

samples.   

First, the ROR curve fit parameters were compared to sample characterization data.  This 

method looked for trends between the release parameters and the sample history, degree of 

weathering, and organic matter structure.  Trends, or lack thereof, provided evidence as to 

whether matrix transport or matrix sorption mechanisms controlled the release of PAHs from 

the samples. 

The second method used spiked deuterated PAHs to identify possible mechanisms controlling 

the release of PAHs from four of the MGP samples.  The influence of sorption and matrix 

transport mechanisms could be inferred by comparing differences in the release of spiked 

deuterated PAHs and normal PAHs.   

The final method examined investigated desorption enthalpies for three samples.  By 

conducting equilibrium partitioning experiments at three temperatures, desorption enthalpies 

could be calculated.  Mechanistic interpretations for this method were the result of 

comparisons of measured desorption enthalpies to desorption enthalpies from known matrix 

transport and matrix sorption mechanisms.  

6.1. Sample Characterization Trends 
There were several sample, contaminant, and sample characteristics that provided insight 

into explaining the wide range of release parameters observed.   

6.1.1. MGP Process Trends 
Overall, the analysis of the organic matter in the samples indicated that the oil gas 

and coal gas samples contain different carbon residues to which the PAHs may sorb 
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(Section 4.4.5).  This was not unexpected given the differences in the residues that 

the different processes MGP produced (Section 2.2.3).  Coal gas plants produced 

relatively polar coal tars, while oil gas plants produced highly aromatic lampblack.  

As a result of the varying residues, PAHs may release differently from samples from 

the two MGP processes.  This hypothesis was evaluated by comparing the PAH 

release parameters in the two different types of MGP samples.   

The evaluation was accomplished by using average parameter values for the two 

types of samples rather than comparing specific samples and parameters.  A 

comparison of the release parameters (F, k1, and k2) for oil gas (OG 2, 5, 10, 17, and 

18) and coal gas (CG 1, 2, 3, and 12) samples is shown in Figure 6.1 through 6.3.  

The previous evaluations suggested that among the oil gas samples, OG 2, 5, 10, 17, 

and 18 had similar organic matter characteristics (Section 4.4.5).  CG 1, 2, 3, and 12 

had similar organic matter characteristics among the coal gas samples.  OG 1, OG 20, 

and CG 11 had characteristics that were different than the other samples (Table 4.16) 

and were not included in this comparison between MGP processes.   

It was assumed that F would be normally distributed between 0 and 1.  Hence, 

arithmetic averages and standard deviations were calculated for F.  In contrast, k1 and 

k2 were thought to have log normal distribution.  Thus, the average and standard 

deviation of the natural log of each parameter was calculated.  The error bars in each 

figure represent the standard deviation for the average parameter value.  The absolute 

parameter values were used to calculate the standard deviations.  Uncertainty in each 

parameter for each soil (Section 5.1.2) is not included in this analysis.   

The large standard deviations illustrate the broad range of release seen by the samples 

from each type of MGP process despite the samples having similar organic matter 

characteristics.  This indicates that a generic, overall description of the structure of 

the organic matter may not be a sufficient descriptor to determine the release 

parameters from a specific MGP sample.   

 146



 

0.0

0.2

0.4

0.6

0.8

1.0

na
ph

tha
len

e

2-m
eth

yln
ap

hth
ale

ne

1-m
eth

yln
ap

hth
ale

ne

ac
en

ap
hth

yle
ne

ac
en

ap
hth

en
e

flu
ore

ne

ph
en

an
thr

en
e

an
thr

ac
en

e

flu
ora

nth
en

e

py
ren

e

be
nz

[a]
an

thr
ac

en
e

ch
rys

en
e

be
nz

o[b
,k]

flu
ora

nth
en

e

be
nz

o[e
]py

ren
e

be
nz

o[a
]py

ren
e

F,
 F

as
t R

el
ea

se
 F

ra
ct

io
n Coal Gas

Oil Gas

 
Figure 6.1: Comparison of Average Fast Release Fractions from Oil Gas (OG 

2, 5, 10, 17, and 18) and Coal Gas (CG 1, 2, 3, and 12) Samples 
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Figure 6.2: Comparison of Average Fast Release Rate Constant from Oil Gas 

(OG 2, 5, 10, 17, 18) and Coal Gas (CG 1, 2, 3, 12) Samples 
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Figure 6.3: Comparison of Average Slow Release Rate Constant from Oil Gas 

(OG 2, 5, 10, 17, and 18) and Coal Gas (CG 1, 2, 3, and 12) 
Samples 

A t-test (at 95% confidence) showed that the average F values for the two MGP 

processes were statistically different for five of the PAHs (naphthalene, fluoranthene, 

benzo[b,k]fluoranthene, benzo[e]pyrene and benzo[a]pyrene).  For the rate constants, 

only the average k1 values for naphthalene and 2-methylnaphthanlene showed a 

statistical difference between the two MGP processes.  In general, this indicates that 

there is not a statistical difference between the average absolute release parameter 

values for the two MGP processes.   

However, the figures illustrate that, on average, the coal gas samples released a 

greater fraction of PAHs at a greater rate than the oil gas samples.  This non-

statistical difference in release parameters trends suggests that varying sample 

constituents, including the amount and structure of the carbon, in the MGP samples 

may influence the release of PAHs on a sample-by-sample (rather than process-

dependent) basis.  The remainder of this section investigates whether sample 

characteristic data correlate with release parameters on a sample-specific basis. 
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6.1.2. Contaminant Trends 
The extractable residues present in the MGP samples were measured by TPH and 

PAH measurements (Section 4.3).  Comparing the hydrocarbon concentrations to the 

release parameters was done in an effort to elucidate desorption mechanisms.   

A single graphical comparison of the 127 release parameters values to the sample 

characteristic values of each sample resulted in an overload of data that could mask 

any trends.  Hence, for purposes of looking for trends, the PAHs were subdivided by 

the number the rings in the PAH structure.  All ring structures were analyzed, and the 

subsequent results are available (data has been archived on Dr. Raymond C. Loehr’s 

laboratory computers).  The results for two-ring (naphthalene, 1-methylnaphthalene, 

and 2-methylnaphthalene) and four-ring (fluoranthene, pyrene, chrysene, 

benz[a]anthracene) PAHs are shown for illustrative purposes in this chapter.  Two 

and four-ring PAHs were chosen because they represent a majority of the range of 

PAH physicochemical properties and have release parameters from most of the 

samples analyzed (Table 5.1).  The results from other PAHs followed trends similar 

to the two and four-ring PAHs.   

No trends with the release parameters were observed for TPH, total PAH, or 

individual PAH concentrations.  An example of the lack of trends between the release 

parameters and hydrocarbon concentration is shown in Figure 6.4.  However, the 

weathering index, based on PAH concentrations, did indicate a trend with release 

parameters.  This is discussed in the following section. 
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Figure 6.4: Comparison of TPH Concentration and Fast Release Fraction for 

Two-Ring PAHs from Twelve MGP Samples 

6.1.2.1. Weathering Index 
Over time, weathering processes (degradation, volatilization, or migration) can 

reduce the relative concentration of smaller PAHs in relation to larger PAHs.  

The weathering index (two-ring PAH concentrations/five-ring PAH 

concentrations) can indicate the extent to which weathering processes may have 

impacted chemicals at a site (Section 4.3.3).  Significant concentration changes 

due to weathering processes takes time.  Hence, a low weathering index (few 

two-PAHs remaining in relation to five-ring PAHs) implies that the sample has 

had significant time in which these processes have occurred.  By corollary, a high 

weathering index implies that the sample has had minimal time to undergo 

weathering processes.   

The relationship between time and the weathering index is an assumption.  If a 

sample is not exposed to weathering processes, the relative concentrations of the 

PAHs will not change.  Hence, a sample could be in contact with PAHs for 

extended periods of time and still not have had much weathering occur.  Where 
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this occurs, the chemicals in such a sample could have a high weathering index.  

This appears to be the case for OG 20.  The MGP plant was closed in 1907, 

providing time for weathering processes to occur.  Yet 95 years later, the sample 

had a weathering index of 4.0 (second highest in the study), indicating minimal 

impact of weathering processes.  Another limitation of the weathering index is 

that it assumes that the samples started with relatively similar two- and five-ring 

PAH concentrations.  Given the large heterogeneity of the samples and residues, 

this assumption is unlikely to be valid. 

Despite these limitations, the weathering index does provide a useful metric to 

which release parameters can be compared.  Weathering processes will have the 

greatest impact on the readily released fraction.  A sample with extensive 

weathering (low weathering index) will likely have had a significant portion of 

the fast fraction removed by biodegradation, volatilization, or migration.  The 

PAH remaining on a weathered sample is like to consist largely of the slowly 

releasing fraction (low F). 

Figure 6.5 illustrates the relationship between the weathering index and fast 

release fractions, for two- and four-ring PAHs.  A higher weathering index 

correlated to a higher fast released fraction.  For the four-ring PAHs, the coal gas 

samples have a higher fast release fraction for a given weathering index than the 

oil gas samples.  This suggests that weathering processes may have impacted the 

MGP samples.  
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Figure 6.5: Comparison of Weathering Index and Fast Release Fraction for 

Two- and Four-Ring PAHs from Twelve MGP Samples 
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It was assumed that a low weathering index correlates to extended exposure time.  

Prolonged exposure time allows PAHs in low weathering index samples to 

penetrate the sample organic matrix through diffusion (matrix transport) 

mechanisms.  Diffusion-limited release from the organic matter could limit the 

release of PAHs in these samples, resulting in slower release rate constants (k2).  

If the assumption is made that a high weathering index correlates to reduced 

exposure time, PAHs in samples with a high weathering index have not had time 

to penetrate the organic matter.  If matrix transport (diffusion) mechanisms 

control the release of PAHs, then high weathering index samples should have 

higher release rate constants (k2).  These hypotheses assume that no other 

property (concentration, sample characteristics, etc.) plays a role in the release of 

PAHs from the samples.  Figure 6.6 depicts the dependence of slow release rate 

constants (k2) on the weathering index for two-ring and four-ring PAHs.   

For the oil gas samples, the slow release rate constants are relatively constant 

over a range of weathering indexes.  If it is assumed that the weathering index 

correlates to the time the PAH has been in contact with the sample, then the oil 

gas slow release rates are constant over a range of contact times.  Hence, it 

appears that contact time has minimal impact on the slow release rates for oil gas 

samples.  This suggests that time-dependent PAH desorption mechanisms, such 

as the diffusion-controlled matrix transport mechanisms, may not be the 

dominant desorption mechanisms for oil gas samples.   

The slow release rates for the coal gas samples tend to decrease with decreasing 

weathering index.  If it is assumed that the weathering index correlates to contact 

time, then the slow release rate constants tend to decrease with increased contact 

time.  One explanation of this trend is that, given more time, PAHs may penetrate 

further into the organic carbon matrix.  As a result, it would take the PAHs 

longer to desorb from deeper in the organic matrix.  This explanation of the data 

implies that that time-dependent PAH desorption mechanisms maybe the 

dominant desorption mechanisms controlling the release of PAHs from the coal 

gas samples. 
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Figure 6.6: Comparison of Weathering Index and Slow Release Rate for Two-

and Four-Ring PAHs from Twelve MGP Samples. 
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6.1.3. Organic Matter Trends 
The varying relationship between the weathering index and release parameters for oil 

gas and coal gas samples hints that PAHs interact with the organic matter of those 

samples in different ways.  One explanation of this differing relationship is that there 

is a difference in the structure of the organic matter in the two types of MGP process.  

This was demonstrated in Section 4.4.  The organic matter in the coal gas samples 

was relatively polar, oxidizable, and low in aromatic content.  The organic matter in 

the oil gas sample was relatively non-polar, less oxidizable, and high in aromatic 

content.   

However, a general comparison between the MGP processes and release parameters 

showed few definitive trends (Section 6.1.1).  Hence, if the structure of the organic 

matter does play a role in the release of PAHs from organic matter, evidence will be 

manifested in sample specific and analysis specific comparisons. 

There were several organic matter characteristics that were measured in this research 

(Section 4.4).  Most sample parameters (elemental ratios, elemental concentrations, 

other elemental soot concentrations, elemental non-soot concentrations, other total 

organic contents, and ratios of total organic contents) either had no trend at all 

(random relationships similar to Figure 6.4) or trends similar to the total organic 

carbon fractions (similar to Figure 6.8).  No new trends were found when these same 

characteristics were examined on a mass-released (rather than fraction released) 

basis.  An example of this random relationship between the fast released mass and 

sample parameters is shown in Figure 6.7.  

However, total organic carbon fractions, NMR rank, and the nitrogen soot 

concentration each trended with release parameters.  The relationships are reviewed 

in this section. 
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Figure 6.7: Comparison of Molar Carbon to Hydrogen Ratio and Fast Release 

Mass PAHs from Twelve MGP Samples 

6.1.3.1. Total Organic Carbon 
For a given mass of PAHs, an increase in amount of organic matter present will 

result in a greater surface area for partitioning and a greater volume for the 

penetration of PAHs.  At low organic matter concentrations, the capacity of the 

slow release fraction of the organic matter (regardless of desorption mechanism) 

may be approached or exceeded.  This would result in a higher fraction of PAHs 

associated with the fast fraction.  However, if the amount of organic matter is 

large, then the fraction of PAHs associated with slow release fraction may not be 

limited.  This would result in a lower portion of PAHs associated with the fast 

fraction.  Overall, this indicates that the fast desorbing fraction should decrease 

as the total organic carbon in a sample decreases.   

This hypothesis is explored in Figure 6.8 for total organic carbon as determined 

by thermal oxidation.   
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Figure 6.8: Comparison of Total Organic Carbon and Fast Release Fraction 

for Two- and Four-Ring PAHs from Twelve MGP Samples 
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The decrease in the fast released fraction with increasing organic carbon content 

is seen for oil gas samples.  The CG samples showed little trend with organic 

matter.  This suggests that something other than the amount of organic carbon is 

controlling the release of PAHs from the CG samples.   

There is no apparent basis for the amount of organic carbon to impact the 

desorption rate constants.  This was confirmed when the data for k1 and k2 were 

compared to the total fraction organic carbon data.  There were no trends 

between the amount of organic carbon present and either the fast or slow rate 

constants. 

6.1.3.2. Nuclear Magnetic Resonance 
Results in Figure 6.8 indicate that the structure of the organic carbon, rather than 

the amount, plays a role in release of the PAHs from sample.  A more aromatic 

sample may limit release in multiple ways.  Aromatic carbon has a greater 

potential for PAH π bond interaction.  In addition, organic matter aromatic 

regions result in a stiffer matrix through which PAHs have to diffuse.  Both of 

these mechanisms should result in the slow release of PAHs from the organic 

matter.  In addition, the influence of the mechanisms should increase with 

increasing aromatic content.  Hence, a more aromatic sample should result in a 

greater portion of PAHs associated with the slow fraction.  Overall, this indicates 

that the fast desorbing fraction should decrease as the aromatic content of the 

sample increases.   

NMR was used to describe the aromatic content of the samples (Section 4.4.4).  

Since NMR is a qualitative measurement, comparisons between release 

parameters and NMR results are limited to relative rankings.  A larger NMR rank 

number corresponds to a sample with a higher aromatic content.  These rankings 

were described in detail in Section 4.4.4. 

Figure 6.9 shows a trend of decreased fast release fractions for the samples that 

had higher NMR aromatic response.  This relationship appeared to be more 

definitive for the oil gas samples than for the coal gas samples.   
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Figure 6.9: Comparison of NMR Rank and Fast Release Fraction for Two- 

and Four-Ring PAHs from Twelve MGP Samples. 
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The NMR rank-fast release fraction comparisons hint that the structure of the 

organic carbon may play a role in the desorption of PAHs from organic carbon.  

If this assumption is valid, the structure of the organic carbon may also influence 

the slow release rate for time-dependent, diffusion-controlled desorption 

mechanisms.  A PAH deep within the organic mater matrix will take longer to 

desorb if the matrix is rigid and stiff than if it is soft and flexible.  Aromatic 

bonds tend to make organic matter more rigid and stiff.  Hence, it would be 

expected that a more aromatic matrix will have lower slow release rate constants, 

k2.   

Figure 6.10 illustrates the relationship between the slow release rate constant and 

the NMR rank.  There is no trend between the slow release rate constant and 

NMR rank for the oil gas samples.  This hints that amount of aromatic material in 

the organic matter has little effect on controlling the slow release rate of PAHs 

from the oil gas samples.  This suggests that the PAHs are not releasing from 

deep within the organic matrix for the OG samples.  If they were, diffusion 

controlled desorption mechanisms would result in slower desorption rates from 

high aromatic content, rigid organic matrixes (high NMR rank) in relationship to 

the faster desorption rates from low aromatic content, soft and flexible organic 

matrices.  Since this is not seen for the OG samples, it is possible that diffusion-

based matrix transport mechanisms are not controlling release from the OG 

samples.   

For the coal gas, two-ring PAHs, the slow release constant decreases with 

increasing NMR rank.  This suggests that the more aromatic, rigid organic carbon 

results in a lower slow release rate constant for coal gas samples.  This is 

potentially the result of hindered diffusion through more rigid matrix and 

suggests that diffusion-based matrix transport mechanisms may affect PAH 

release from the CG samples.   
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Figure 6.10: Comparison of NMR Rank and Slow Release Rate Constant for 

Two- and Four-Ring PAHs from Twelve MGP Samples. 
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6.1.3.3. Nitrogen Soot Concentration 
One of the more intriguing results of the organic matter description investigations 

is that despite a wide range of soot fractions in the oil gas samples, the nitrogen 

soot concentration was nearly identical in all the oil gas samples (Section 4.4.3).  

This suggests that the nitrogen in the oil gas samples is incorporated into the soot 

fraction and that the structure of the soot in oil gas samples may be similar.  If the 

soot fraction in the oil gas samples consists of similar carbon, it should have 

different impacts on the fast release fraction and the slow release rate.   

If the structure of the carbon is similar, then the fast release fraction should 

depend on the initial PAH concentration and the amount of carbon present.  

Thus, the fast release fraction should be different for each oil gas sample.  It was 

previously shown (Figure 6.1) that the fast release fractions vary for the oil gas 

samples.  The nitrogen soot concentrations have been shown to be nearly 

constant for the oil gas samples (Figure 4.7).  Therefore, the fast release fraction 

is independent of the nitrogen soot concentration.  This is illustrated for two-ring 

PAHs in Figure 6.11. 
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Figure 6.11: Comparison of Nitrogen Soot Concentration and Fast Release 

Fraction Constant for Two-Ring PAHs from Twelve MGP 
Samples 

If the organic carbon in the oil gas samples has a similar structure, then PAHs 

should sorb and penetrate the matrix in a comparable manner, regardless of the 

amount of organic matter.  PAHs sorbed to or diffusing in similar organic matter 

should be released at similar rates.  Assuming that soot is the component of 

organic carbon that controls the slow release fraction, a comparison of the slow 

release rate constant and the nitrogen soot concentration was made (Figure 6.12).  

The slow release rate constants for all the oil gas samples almost collapse into 

one value (for each PAH).  The slow release rate constant for the coal gas 

samples appears independent of nitrogen soot concentration.   

This analysis suggests that the slow release from the oil gas samples is controlled 

by the same mechanism or mechanisms that are related to the structure of the 

carbon.  In addition, that mechanism or mechanisms do not dominate the release 

from coal gas samples.   
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Figure 6.12: Comparison of Nitrogen Soot Concentration and Slow Release 

Rates for Two- and Four-Ring PAHs from Twelve MGP Samples 

 164



 

6.1.4. Mass Released Trends 
Since MGP samples have high soot fractions, soot adsorption (a matrix sorption 

mechanism) is a potential mechanism that might control the slow release of PAHs 

from oil gas samples.  If matrix sorption mechanisms (like partitioning) control 

desorption from both the fast and slow fractions, then an equilibrium likely existed 

between the two phases prior to any analysis.  Hence, there should be a partition 

constant between the fast and slow released phases.  The possibility was evaluated 

and is discussed in the following paragraphs. 

By assuming that all the fast release originates from the non-soot fraction and all the 

slow release stems from the soot fraction, a fast release concentration (fast released 

PAH mass/non-soot mass) and slow release concentration (slow released PAH 

mass/soot mass) can be determined for each PAH in each sample.  If partitioning 

controls PAH release, then a plot of the fast release concentration versus slow release 

concentration should have a relatively linear positive relationship (assuming that the 

non-soot and soot structures are homogenous across the samples).   

Figure 6.13 illustrates that for the oil gas samples, there does tend to be a somewhat 

linear trend relating the fast and slow release concentrations.  This suggests that 

partition-type mechanism may control the release of both the fast and slow fractions 

from oil gas samples.   

OG 20 tends to be an outlier in the four-ring PAH comparison.  However, OG 20 had 

a nitrogen soot concentration that was approximately 10% of that of all other oil gas 

samples.  This indicates that the soot structure might be different for this sample than 

the other oil gas samples.  

The coal gas samples did not have a positive relationship between the fast and slow 

release concentrations.  This was not unexpected since the organic matter structure of 

the CG samples is less uniform than the oil gas samples (Section 4.4).   
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Figure 6.13: Comparison of Slow and Fast Release Mass for Two- and Four-

Ring PAHs from Twelve MGP Samples 
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6.1.5. Sample Characterization Trend Summary 
The trends presented in this section can be summarized in terms of possible 

mechanisms that control PAH desorption in oil gas and coal gas samples.  Potential 

matrix transport and matrix sorption mechanisms were reviewed in detail in Section 

2.4.  The fast released fraction trended with most of the sample characteristics in an 

expected manner.  Most of the observed trends could be attributed to either matrix 

transport or matrix sorption mechanisms.  Only the mass-released trends for the oil 

gas samples differentiated between the matrix transport or matrix sorption 

mechanisms.  For the oil gas samples, the mass-release trends indicated the fast 

release fraction may be controlled by a partitioning-type mechanism.   

Table 6.1 summarizes the mechanistic conclusions that can be drawn by comparing 

the slow release rates to sample characteristics.  For some of the analyses, the data 

did not indicate what mechanism controlled PAH release.  However, in some of those 

cases, release from all the oil gas or all the coal gas samples tended to trend with the 

variable being investigated in a consistent manner.  Although not defining the 

mechanism, this suggested that the mechanism controlling the release from the either 

the oil gas or the coal gas samples was consistent for all the samples from that 

process.  In addition, for some of the analyses, the coal gas samples behaved in a 

different manner than the oil gas samples, although the mechanism controlling 

samples from either process was not clear.   

Table 6.1: Summary of Desorption Mechanism Inferences for Slow Release 
Fraction From Various MGP Processes. 

 Oil Gas Coal Gas 
Weathering Index Sorption Matrix transport 

Total Organic Carbon -1 -1 
NMR Rank Sorption Matrix transport 

Nitrogen Soot Concentration 
Consistent 

Mechanism for 
all OG Samples

Different 
Mechanism than 
for OG Samples 

Mass Released Sorption 
Different 

Mechanism than 
for OG Samples 

1No Conclusion. 
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The comparison of the release parameters to sample characteristics is the first set of 

data in the weight-of-evidence approach that allows the mechanisms that control the 

release of PAHs from MGP samples to be elucidated.  In general, comparisons of the 

release parameters to the sample characteristics point to the differing influence of the 

sorption and matrix transport mechanisms for the varying MGP process samples.  

Overall, desorption from OG samples appears to be influenced, in at least part, by 

matrix sorption mechanisms, such as surface soot adsorption.  On the other hand, in 

CG samples, matrix transport mechanisms, represented by pore diffusion, structural 

change, polymer or hole-filling models, appear to be important in the desorption of 

PAHs.   

6.2. Deuterated PAH Studies 
The objective of the deuterated PAH studies was to compare the release of spiked 

deuterated PAHs (dPAHs) to the release of PAHs from four of the MGP samples (OG 17, 

OG 18, CG 3 and CG 12).  It was assumed in this analysis that the dPAH had the same 

physicochemical properties as the PAHs in the sample and would interact with the 

organic matter in a similar manner as the native PAHs.  Ideally, differences in the release 

of spiked and native PAHs could be used to elucidate the influence of sorption and matrix 

transport mechanisms on the release of PAHs from the samples. 

The spiked dPAHs were placed onto the four MGP samples in 40 µL of methylene 

chloride solvent.  Once the methylene chloride evaporated, the vials were partially filled 

with water to allow the dPAHs to disperse.  After approximately three hours of contact 

time, XAD2 was added to the vials and a 119-day ROR experiment was conducted.  

Details of the dPAH ROR can be found in Section 3.2.3. 

This meant that the dPAHs had roughly three hours to interact with organic matter before 

being subjected to the XAD2.  Therefore, the dPAHs did not have significant time to 

deeply penetrate the organic matrix.  Hence, time dependent, diffusion controlled, matrix 

transport mechanisms are unlikely to impact the release of these dPAHs from the sample.  

In a hypothetical sample where PAH desorption is controlled solely by matrix transport 

mechanisms, the spiked dPAHs will have not had enough time to penetrate the organic 
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matrix and will be expected to quickly and fully release from the sample in an ROR 

experiment.   

Surface soot adsorption requires minimal time for interactions to occur.  Thus, it is 

possible that three hours is sufficient time for the dPAHs to sorb to soot material within 

the organic matter.  In a hypothetical sample where PAH desorption is controlled solely 

by matrix sorption mechanisms, the dPAHs will have had enough time to interact with 

the organic matter and will ideally release in a fashion similar to that of the native PAH.  

Hence, comparing the release characteristics of the native PAHs to the spiked dPAHs is 

potentially a means of differentiating between matrix transport and sorption PAH 

desorption mechanisms. 

6.2.1. Illustrative Time-Dependent dPAH Release  
In Section 3.2.4, spiking method studies indicated that the methylene chloride did not 

alter the organic matter in a way that impacts the desorption of the dPAHs.  However, 

the discrepancy in recovery percentages prevented a definitive conclusion.   

If it is assumed that the methylene chloride did alter the organic matter structure, then 

mechanistic conclusions can be drawn from the dPAH RORs.  This discussion is 

limited to results of the naphthalene, 1-methyl naphthalene, and acenaphthylene 

release patterns due to the solubility constraints discussed previously (Section 

3.2.4.2). 

Figure 6.14 shows the release of acenaphthylene from CG 12 from both the original 

and deuterated ROR experiments.  The native acenaphthylene, in contact with the 

sample for decades, was released in a similar manner (although the 95% confidence 

intervals on k2 did not overlap) in both ROR experiments.  Roughly 25% native 

acenaphthylene in both studies released within the first 10 days.  The spiked 

deuterated acenaphthylene, in contact with the sample for approximately three hours, 

was completely released within days.  This indicates that the mechanism controlling 

the sorption of the native acenaphthylene from CG 12 is time dependent.   
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Figure 6.14: Deuterated Acenaphthylene Release Data for CG 3 

The time dependence illustrated in Figure 6.14 suggests that a matrix transport 

mechanism is controlling the release of acenaphthylene from CG 3.  However, there 

are other possible explanations tied to the structure of acenaphthylene which are 

explored in Section 6.2.1.1.   

6.2.1.1. Acenaphthylene Structure 
The structure of acenaphthylene (Figure 6.15) may play a role in its desorption 

from organic matter.  Most PAHs in this study have aromatic ring structures that 

share non-localized π electrons over the entire ring structure.  However, 

acenaphthylene has been shown to have non-continuous distribution of π 

electrons.  It has been demonstrated that the C12-C1 and C10-C11 bonds are longer 

substantially longer than typical aromatic bonds (Loo 2000).  The C12-C11 bond 

has a length that is slightly longer than a typical double bond (the extra length 

may be due to stress induced by the naphthalene structure).  In addition, 
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acenaphthylene shows reaction characteristics typical to that of a double bond 

(Loo 2000).  This indicates that acenaphthylene acts as an aromatic naphthalene 

structure linked to a separate double bond component.   

10

1112

1
6

5
7

8

92

3

4  
Figure 6.15: Structure of Acenaphthylene 

The double bond of acenaphthylene makes it unique among the PAHs studied.  

The double bond may explain why acenaphthylene released to a different extent 

than acenaphthene, a PAH that has the same overall structure but lacking the 

double bond.  An illustrative example of this different release in the same 

sample is shown in Figure 6.16.  In the four samples where release was 

measured for both acenaphthylene and acenaphthene, acenaphthylene had an 

average fast released fraction of 0.39, while acenaphthene had an average of 

0.73.  This indicates that some chemical property, such as the double bond 

difference, is limiting the release of PAHs from the sample.  
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Figure 6.16: Comparison of Acenaphthylene and Acenaphthene from CG 3 

Two explanations for the possible role of the double bond in limiting the release 

of PAHs from the organic matter are as follows.  First, the stretched, unstable 

nature of the unsaturated bond makes it more amenable to react with non-

aromatic components of the organic matter.  Second, the π electrons of the 

double bond are focused on two carbons (as compared to the delocalized π 

electrons in other PAHs).  It may be that these localized π electrons of the 

double bond interact with the π electrons of the soot material to a greater extent 

than the delocalized π electrons in other PAHs. 

There may be site or holes within the organic matter that interact in one manner 

or another with the double bond π electrons.  However, the locations that 

support these interactions may not be common or evenly distributed in the 

graphitic carbon structure of the soot.  The acenaphthylene may be required to 

migrate to those sites and be properly aligned (steric hindrances) to interact with 
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soot.  This is scenario is based on the hole-filling model reviewed in Section 

2.4.4.4.   

In summary, the time dependent sorption illustrated in Figure 6.14 hints that a 

matrix transport mechanism (such as hole filling) is responsible for the slow 

release of acenaphthylene in CG 3.  Further investigations into determining the 

exact cause of the difference in release between acenaphthylene and 

acenaphthene would clarify the interaction of PAHs with organic matter. 

6.2.2. Illustrative Time-Independent dPAH Release  
Figure 6.17 shows the release of naphthalene from OG 17 for both the original and 

the deuterated ROR experiments.  The native naphthalene, in contact with the sample 

for decades, was released in a similar manner in the two experiments (overlapping 

95% confidence regions for both F and k2).  This suggests that if the methylene 

chloride did change the structure of the organic matter in the deuterated ROR 

experiment (Section 3.2.4), the change did not affect the release of naphthalene.   

The spiked deuterated naphthalene, in contact with the sample for approximately 

three hours, released from OG 17 in a similar manner (overlapping 95% confidence 

regions for both F and k2) as the native naphthalene.  This indicates that the 

mechanism controlling the release of the naphthalene from OG 17 is not time 

dependent.   
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Figure 6.17: Deuterated Naphthalene Release Data for OG 17 

6.2.3. Slow Desorption Attributable to Soot  

The data in Figure 6.14 and Figure 6.17 are the extremes of the dPAH analysis.  The 

data for the other samples and dPAHs are not as definitive in terms of possible 

desorption mechanisms.  However, conclusions can still be drawn from the data.   

The aqueous spiking method, reviewed in Section 3.2.4, illustrated that for OG 17, 

OG 18, and CG 12 a fraction of the dPAHs were not released to the XAD2 after a 

period of seven days, regardless of the normalization method.  This slow desorption 

of dPAHs after interacting with the sample for approximately three hours suggests 

that some portion of the dPAHs are interacting with the sample via a time-

independent mechanism, such as soot adsorption.   

Making the broad assumption that methylene chloride did not alter the structure of 

the organic matter, then the amount of the dPAH that was not immediately recovered 

 174



 

(1-FdPAH) can be attributed to a time independent, matrix sorption mechanism.  Table 

6.2 summarizes the fraction of the spiked dPAH that sorbed to the organic matter via 

the assumed matrix sorption mechanism (1-FdPAH) and was not released during the 

ROR experiment. 

Table 6.2: Slow Fraction for dPAH (1-FdPAH) 

 OG 17 OG 18 CG 3 CG 12 
naphthalene 0.48 0.27 0.14 0.43 
1-methylnaphthalene 0.55 0.33 0.23 0.47 
acenaphthylene  0.57 0.31 0.25 0.46 

The slow releasing fraction from the original ROR experiment included both matrix 

transport and matrix sorption mechanisms.  However, the slow releasing fraction 

from the dPAH ROR theoretically included only matrix sorption mechanisms.  

Hence, any difference between the slow releasing fractions, or, conversely, the 

difference between the fast releasing fractions (FdPAH-FPAH), can be broadly attributed 

to the fraction of PAHs desorption being controlled by matrix transport mechanisms.  

The fraction of dPAH controlled by matrix sorption mechanisms (1-FdPAH) was 

shown in Table 6.2.  Estimates of both of these fractions allow for an approximation 

of the percentage of the slow desorption attributable to soot adsorption (Equation 

6.1).  This analysis was not performed on CG 3, as curve fit variability resulted in 

negative fractions. 

Equation 6.1 
( )

( ) ( )PAHdPAHdPAH

PAHd

FF-F
F

n AdsorptioSootPercent
−+

−
=

1
1

Using this approach, the percent of the slow desorbing fraction attributable matrix 

sorption mechanisms, assumed to be soot adsorption, is presented in Table 6.3.  This 

analysis includes major assumptions.  However, on a whole, the analysis does 

suggest that soot adsorption plays a role in the slow releasing fraction of PAHs from 

MGP samples. 
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Table 6.3: Percent of Slow Desorption Attributable to Soot 

 OG 17 OG 18 CG 12 
naphthalene 88% 63% 52% 
1-methylnaphthalene 72% 65% 47% 
acenaphthylene  61% 44% 46% 

6.3. Desorption Enthalpy Studies 
The objective of the desorption enthalpy studies described in this section was to 

investigate PAH desorption enthalpies from three of the MGP samples (OG 17, OG 18, 

and CG 3).  These samples were chosen because they were also investigated in the 

deuterated studies (Section 6.2).  By comparing the desorption enthalpies to literature 

values, an estimation of the type of the desorption mechanism controlling the release of 

the PAHs could be made. 

Several studies have investigated the desorption enthalpies of the chemicals releasing 

from sample components.  Table 6.4 shows that a range of desorption enthalpies have 

been measured and attributed to differing mechanisms.   

Table 6.4: Illustrative Sorption Enthalpies 
Ethalpy 
(KJ/Mol) Compounds Media Attributed 

Mechanism Author 

-17.7 to 3.8 PAHs Soils - (Hulscher and Cornelissen 1996)

0.6 to 6 Alkanes Polymers Polymer 
Diffusion (Hulscher and Cornelissen 1996)

13 TCE and PCE Silica Gel Micropores (Farrell et al. 1999) 
21 Naphthalene Mineral van der Waals (Chen et al. 2000) 

Hulscher and Cornelissen reviewed a series of experiments and found that in general, the 

enthalpies of sorption for PAHs on soil to be relatively small.  In addition, in the 

experiments reviewed by Hulscher and Cornelissen, the enthalpies of sorption for alkanes 

diffusing through polymers were also small.  Farrell, et al. used column studies of spiked 

silica gel to determine that micropore (<2 nm) diffusion was responsible for the slow 

desorbing component (Farrell et al. 1999).  Chen et al. investigated the desorption of 

naphthalene from field sediments using partition experiments run at various temperatures.  

Chen et al. attributed the desorption enthalpies to van der Waals forces largely based on 

literature desorption enthalpies (Chen et al. 2000).   
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In this research, desorption enthalpies were measured using equilibrium experiments 

conducted at three temperatures.  The experiments are described in detail in Section 

3.3.1.   

6.3.1. Fast Fraction Desorption Enthalpy 
As discussed in Section 3.3.2, desorption enthalpies can be calculated from 

equilibrium partition constants determined at multiple temperatures.  To determine 

the desorption enthalpies of the fast fraction, partitioning experiments lasting seven 

days were conducted.  Previous research has shown that seven days was enough time 

to reach an apparent equilibrium (Dondelle 2001).  In addition, other research has 

shown, under a maximum driving force in the ROR procedure, that the fast fraction is 

usually released within seven days (Lamar 2002).  

At each of the temperatures in these partitioning experiments (4°C, 23°C, 34°C), 

three different liquid to mass ratios were investigated in triplicate.  Marie Dondelle 

conducted the room temperature experiments.  Fatih Kasap, Ahmet Senyurekli, and 

Nadine Gordon all contributed to the determination of the high and low temperature 

partition coefficients.  These individuals were part of the project team associated with 

the overall project effort. 

The aqueous concentrations of the resulting nine samples at each temperature were 

then averaged.  Sample concentrations for all partition experiments were determined 

by batch extraction.  The sample concentrations determined by Marie Dondelle were 

used in calculating all partition values (Dondelle 2001).  Partition values were 

calculated using Equation 2.1.  Figure 6.18 through Figure 6.20 illustrate the 

temperature dependence of the partition coefficients for each sample.  The partition 

values and coefficients of variation (average coefficient of variation was 24%) can be 

found in the Appendix (Section D).   

In general, it would be expected that the partition coefficient would vary linearly with 

the inverse of the temperature at which the experiment was conducted (Equation 

3.15).  However, for each sample, the room temperature (23°C) partition value was 

greater than an expected value determined from a linear trend between the high and 
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low temperatures.  Data analysis was identical (the same spreadsheet was used) for 

all three temperatures.  Hence, there were only two differences between the three 

partitioning experiments.  As mentioned above, the researchers who conducted the 

experiments varied.  Marie Dondelle conducted the room temperature experiments.  

Fatih Kasap, Ahmet Senyurekli, and Nadine Gordon conducted the high and low 

temperature experiments.  Subtleties in the way each researcher conducted the 

experiment may have influenced the data.   
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Figure 6.18: Temperature Variation of Partition Coefficients for OG 17 
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Figure 6.19: Temperature Variation of Partition Coefficients for OG 18 
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Figure 6.20: Temperature Variation of Partition Coefficients for CG 3 
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The second difference between the three partition experiments is that roughly nine 

months elapsed between the initial conducting of the room temperature experiments 

(July and August 2001) and subsequent high and low temperature experiments 

(February and March 2002).  The data illustrates that more PAHs desorbed in the 

high and low temperature experiments, which were conducted after the nine-month 

storage period.  However, these samples have been field stabilized for decades.  It is 

unlikely that the PAHs changed their distribution between fast and slow fractions in 

the nine months of 4°C storage.  Hence, it is unlikely that the storage impacted the 

partitioning to the degree observed.   

Enthalpies of desorption were determined from the slope of a best fit line comparing 

the natural log of the partition coefficients to the inverse of the temperature.  Since it 

is the slope that is used to determine the desorption enthalpies, the relative values of 

the partition coefficients, rather than the absolute values, are important.  The fact the 

room temperature partitioning values fall significantly above a linear trend between 

the other temperature partition values is important.  This indicates that the 

partitioning data may not be consistent among researchers.  Because the relative 

values are important, it was desired that the data be self consistent.  As a result, the 

room temperature partition values were not used in the estimating the desorption 

enthalpies.  Although not ideal, the remaining data was self consistent (all done by 

the same researchers) and covered the widest range of temperatures.  Prior to any 

publication, the room temperature data will be rerun to get a better estimation of the 

desorption enthalpies. 

Figure 6.21 depicts the desorption enthalpies for the fast releasing fraction of PAH 

from OG 17, OG 18, and CG 3.  In general, the desorption enthalpies were between 

0-45 KJ/mol for most of the measured PAHs.  This indicates that the mechanisms 

responsible for the fast fraction are weak.  Possible mechanisms include van der 

Waals interactions and micropore diffusion (Table 6.4). 
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Figure 6.21: Desorption Enthalpy for OG 17, OG 18 and CG 3 

Table 6.5: Desorption Enthalpy for OG 17, OG 18 and CG 3 (KJ/mol) 

 OG 17 OG 18 CG 3 
naphthalene 29 2 62 
2-methylnaphthalene 44 19 18 
1-methylnapthalene -1 24 14 
acenaphthylene 30 -43 75 

-1 38 4 
fluorene -1 22 21 
phenanthrene 39 4 45 
fluoranthene -1 -6 50 

acenaphthene 

1PAH not detected in aqueous phase at one or more temperatures. 

The cause of the both high and negative desorption enthalpies values for 

acenaphthylene are unknown.  The cause may be related to the double bond of 

acenaphthylene interacting with the organic matter in different manners (Section 

6.2.1.1).  However, the characteristics of the organic carbon for OG 17 and OG 18 

(samples from the same site) were not determined to be significantly different (Table 

4.16), yet the samples had a difference in desorption enthalpies of 71 KJ/mol.  
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6.3.2. Slow Fraction Desorption Enthalpy 
The objective of this section was to use partitioning experiments to determine the 

enthalpies for the slow releasing fraction.  It was hypothesized that desorption 

enthalpies for the slow releasing fraction were greater than those of the fast releasing 

fraction.  Comparing the desorption enthalpies for the slow fraction to the literature 

data provided an estimate of the type of desorption mechanism responsible for the 

slowly releasing fraction.   

To determine the desorption enthalpy of the slow fraction, the fast fraction was 

removed with XAD2 prior to subsequent partitioning experiments.  Due to time 

constraints this experiment was only done on OG 17.  OG 17 was selected due to the 

intriguing release of spiked deuterated naphthalene (Figure 6.17), which indicated a 

time independent matrix sorption mechanism.   

As mentioned above, previous research has shown that under a maximum driving 

force in the ROR procedure the fast fraction is released within seven days (Lamar 

2002).  Hence, nine bottles containing OG 17 were tumbled with XAD2 for seven 

days to remove the fast fraction.  After seven days, the XAD2 was removed and 

analyzed to determine the PAH mass remaining in the sample (the slow fraction).  

The bottles were then filled with water and tumbled in triplicate at three different 

temperatures (4°C, 23°C, 38°C).  Due to time constraints, only one liquid-to-mass 

ratio was investigated.  The aqueous concentration of the three samples at each 

temperature was then averaged.  Initial sample concentrations were determined by 

batch extraction by Marie Dondelle (Dondelle 2001).  The sample concentration at 

the beginning of the partition study (after the removal the XAD2) was determined by 

subtracting the PAH mass on XAD2 from the initial sample concentrations.  Partition 

values were calculated using Equation 2.1.   

It was desired to compare the fast fraction and slow fraction desorption enthalpies for 

the various PAHs.  However, naphthalene was the only PAH that was measured at all 

three temperatures for both the fast fraction and slow fraction partition experiments.  

Figure 6.22 illustrates the temperature dependence of the fast and slow fractions 
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partition coefficients for naphthalene in OG 17.  The partition values and coefficients 

of variation can be found in the Appendix (Section D).   

The difference in the slope of the fast and slow partition coefficients illustrates that 

desorption enthalpies are in different for the fast and slow fractions.  The desorption 

enthalpy for the fast fraction was determined to be 29 KJ/mol.  The desorption 

enthalpy for the slow fraction was determined to be 71 KJ/mol. 
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Figure 6.22: Fast and Slow Fraction Partitioning Coefficient Temperature 

Relationship for OG 17 

In general, one would expect that non-polar PAHs would interact with the organic 

matter via van der Waals interactions:  dipole-dipole (keeson energy), dipole-induced 

dipole (debye energy) and induced dipole-induced dipole (London dispersion 

energy).  Given the non-polar nature of PAHs, it would be expected that London 

dispersion forces would dominate sorption (Goss and Schwarzenbach 2001).  

Generally, these forces are thought to be relatively weak interactions with low bond 

energies.  However, for larger molecules the cumulative effect of London dispersion 

forces can be significant.  Table 6.6 illustrates the London dispersion forces for a 
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series of alkanes.  This illustrates that is not unreasonable to assume that the 71 

KJ/mol desorption enthalpies for naphthalene (C10H8) is due to London dispersion 

interactions.   

Table 6.6: London Dispersion Forces for Hydrocarbons (Israelachvili 1985) 
Molecule Enthalpy 

(KJ/mol) 
CH4 9.8 

C6H14 45 
C12H26 86 
C18H38 126 

Recent research investigating the planar sorption of large PAHs (molecular mass of 

300-700 amu) to graphite has demonstrated that binding energy of PAHs to graphite 

is a linear function of PAH size (Karl and Gunther 1999).  The lampblack material in 

OG 17 has been demonstrated to have highly aromatic components (Section 4.4.3) 

similar to graphite.  In addition, literature has described lampblack as 

microcrystalline graphite (Cotton and Wilkinson 1980).  Hence, it is reasonable to 

extrapolate the trend shown in Figure 6.23 to the naphthalene (molecular mass of 128 

amu) for OG 17.  A unit conversion from eV to KJ/mol results in a predicted binding 

energy of 58 KJ/mol for naphthalene sorbed in planar fashion to graphite.   

 
Figure 6.23: The van der Waals Binding Energy of High Molecular Weight 

PAHs Adsorbed in Monolayer (squares) and Multilayer (crosses) 
on Graphite (Karl and Gunther 1999) 

 184



 

The slow fraction desorption enthalpy of 71 KJ/mol is roughly the amount of energy 

required for naphthalene to desorb from graphite.  This suggests that a mechanism 

controlling the slow fraction of naphthalene on OG 17 might be the planar interaction 

of London dispersion forces between naphthalene and the highly aromatic (graphitic) 

organic matter.  A general descriptor of this interaction in MGP samples is soot 

adsorption. 

This conclusion is further supported by the deuterated studies, which showed that a 

time-independent mechanisms was responsible for the slow desorbing fraction 

(Figure 6.17).  If the graphitic material the naphthalene interacts with is near the 

surface of the organic matter, London dispersion interactions are likely time 

independent.  Combined, the deuterated and partitioning studies suggest that the slow 

desorption of naphthalene in OG 17 could be controlled by soot adsorption.   

6.4. Desorption Mechanism Summary 
As reviewed in Section 2, there is extensive literature that has used a fundamental 

approach to investigate the sorption of one or two chemicals on clean soils (no soot or 

NAPLs present).  This approach has proven useful in elucidating possible mechanisms 

controlling the sorption of non-polar chemicals in such soils.   

However, the MGP site samples in this investigation, with tar, oil, and soot components, 

are more complicated media.  To determine the mechanisms that control the desorption of 

PAHs from the complex MGP site samples, a weight-of-evidence approach was 

undertaken.   

The data presented in this section does not definitively demonstrate that a single 

mechanism dominates desorption from all MGP samples.  Given that samples from the 

same site (e.g., CG 3 and CG 11) behave differently, the mechanisms that control PAH 

desorption are like to be sample specific. 

However, the sample characterization trends summarized in Table 6.1, and to a lesser 

degree the deuterated ROR experiments and enthalpy experiments (Sections 6.2 and 6.3), 

suggest that time-dependent, diffusion-based, matrix transport mechanisms are an 

important, although not the only, mechanism for coal gas samples.  The data in Section 6 
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did not allow for the differentiation between the various matrix transport mechanisms:  

pore diffusion, structural change, hole-filling, or a polymer model. 

The sample characterization trends hinted that time-independent matrix sorption 

mechanisms are an important, although not exclusive mechanism for the oil gas site 

samples.  The OG 17 naphthalene data from the deuterated ROR experiments and 

enthalpy experiments illustrated that soot adsorption can be the predominant mechanism 

that controls PAHs desorption from oil gas site samples.   

Despite being unique matrices containing highly aromatic soot, some of the conclusions 

about PAH desorption mechanisms from MGP samples can be extrapolated to other soils.  

This research has demonstrated that soot adsorption can be an important mechanism 

controlling the desorption of PAHs from MGP samples.  Most soils do not contain as 

much soot as the MGP site samples used in this research.  However, soot, the result of 

any combustion process (from cars, forest fires, industrial processes) is present in most 

soils to some degree.  Hence, soot adsorption might be an important process controlling 

the desorption of PAHs from soils and other media not associated with MGP residues and 

soils.   
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7. Conclusions 
The objective of this research was to attempt to elucidate PAH desorption mechanisms from 

MGP site samples.  Possible matrix transport and matrix sorption mechanisms controlling the 

release of PAHs from MGP samples were identified in the literature review.  Matrix transport 

mechanisms rely mainly on diffusion limitations to explain slow PAH desorption.  Matrix 

sorption mechanisms, like soot adsorption, rely on chemical interactions between the PAH 

and organic matter to explain the slow desorption of PAHs.  A weight-of-evidence approach, 

using three different methods, was employed to differentiate between the two types of 

mechanisms in the 12 MGP site samples analyzed in this research. 

The first method used to differentiate between the two mechanisms compared the physical 

characteristics of the samples to the PAH release parameters. This analysis provided several 

insights on the potential mechanisms controlling PAH desorption from MGP samples: 

1. Coal gas site samples tended to release a greater fraction of PAHs at greater rates 

than did oil gas site samples.  This suggests that mechanism controlling PAH 

desorption may be different in coal and oil gas site samples. 

2. More weathered samples tended to release a smaller fraction of PAHs.  For coal gas 

site samples, the slow release rate constants were smaller than the rate constants that 

resulted from the more weathered samples.  This suggests that PAH release from coal 

gas site samples may be limited by matrix transport mechanisms.  The slow PAH 

release rates for the oil gas site samples did not indicate any relationship with the 

degree of weathering.   

3. The fast fraction released correlated to the total organic carbon content for oil gas site 

samples.  The trend was not as clear for coal gas site samples.  This suggests that 

something other than the amount of organic carbon controlled the release of PAHs 

from the coal gas site samples.   

4. The fast release fraction for oil gas site samples related to the aromatic NMR rank of 

the oil gas site samples.  The trend was not as clear for the coal gas site samples.  The 

NMR rank-fast release fraction comparisons suggest that the structure of the organic 

carbon may influence the desorption of PAHs from organic carbon.  A more aromatic 
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sample may result in slower PAH desorption, due to either a stiffer organic matter 

structure that requires greater diffusion times or greater area for soot adsorption.   

5. The slow release rate for coal gas site samples also related to the aromatic NMR rank 

of the coal gas site samples.  This suggests that the more aromatic, rigid organic 

carbon is the cause of the lower slow release rate constant for the coal gas site 

samples.  This is potentially the result of hindered diffusion through a more rigid 

organic carbon matrix and suggests that diffusion-based matrix transport mechanisms 

may affect PAH release from the coal gas site samples.   

The slow release rate for the oil gas site samples was relatively constant.  This 

indicates that amount of aromatic material in the organic matter had little effect on 

controlling the slow release rate of PAHs from the oil gas site samples.  This suggests 

that the PAHs are not releasing from deep within the organic matrix for the oil gas 

site samples.  Thus, it is possible that diffusion-based matrix transport mechanisms 

are not controlling release of the PAHs from the oil gas site samples.   

6. The nitrogen soot concentrations and PAH slow release constants were nearly 

constant for all oil gas site samples.  This suggests that the slow release of PAHs 

from the oil gas site samples was controlled by the same mechanism or mechanisms.  

It also suggests that for the oil gas site samples, the controlling mechanism or 

mechanisms is related to the structure of the carbon.  The coal gas site samples had a 

random relationship with the nitrogen soot concentration.  This suggests that the 

mechanism or mechanisms that control desorption in the oil gas site samples did not 

dominate the release from coal gas samples.   

7. When the slow released mass per gram of soot was plotted against the fast release 

rate per gram of non-soot, there was a near linear relationship for the oil gas site 

samples.  This suggests that a partition-type mechanism may control the release of 

both the fast and slow fractions from the oil gas site samples.  This trend did not hold 

for the coal gas site samples.   

The second method used to differentiate between the two mechanisms was done by spiking 

deuterated PAHs onto four of the MGP samples.  Ideally, differences in the release of spiked 

and native PAHs could be used to elucidate the influence of sorption and matrix transport 
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mechanisms on the release of PAHs from the samples.  This study led to the following 

conclusions: 

8. Regardless of the spiking method, some fraction of the spiked dPAH was shown to 

interact with the organic matter in a time-independent fashion for two oil gas site 

samples (OG 17 and OG 18).  This is indicative of a matrix sorption mechanism, 

such as soot adsorption, playing a role in the desorption of PAHs from the oil gas site 

samples.   

9. Acenaphthylene behaved in a significantly different manner than did similarly 

structured acenaphthene.  This indicates that the mechanism controlling PAH 

desorption from a site sample is both sample and PAH dependent.  Time-dependent 

sorption of deuterated acenaphthylene occurred for CG 3.  This suggests the 

possibility that a matrix transport mechanism was responsible for the sorption of 

acenaphthylene for this sample. 

10. Deuterated naphthalene, in contact with the sample for three hours, was shown to 

release from OG 17 to the same extent and at the same rate as native naphthalene (i.e. 

naphthalene that had been in contact with the sample for decades).  Assuming that the 

organic matter structure was not altered by the addition of methylene chloride, this 

indicates that a time-independent sorption of deuterated naphthalene was observed 

for this sample.  This suggests that a matrix sorption mechanism, such as soot 

adsorption, was responsible for the sorption of naphthalene for this sample. 

The third method used to differentiate between the two mechanisms was done by measuring 

PAH desorption enthalpies in four of the MGP samples.  By comparing the desorption 

enthalpies to literature values, mechanistic inferences could be drawn. This evaluation led to 

the following conclusions: 

11. Desorption enthalpies ranged from -43 to 75 KJ/mol for three samples (OG 17, OG 

18, and CG 3).  This range was wider than reported literature values but still below 

the energy range required for a van der Waals force interaction with graphite (which 

may be present in microcrystalline form in these highly aromatic samples).   
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12. The desorption enthalpy of the slowly desorbing fraction of naphthalene in OG 17 

was determined to be 71 KJ/mol.  This was greater than the 29 KJ/mol desorption 

enthalpy for the fast desorbing fraction.  This suggests that desorption mechanisms 

for the two phases of PAH release are associated with sites on the organic matter that 

have varying bond potentials.  The slow fraction enthalpy for naphthalene was 

consistent with the energy required for a van der Waals force interaction with 

graphite.  This is similar to a soot adsorption mechanism. 

Overall, the weight of evidence supplied by the three approaches used in this research 

suggests the following: 

13. In coal gas site samples, the fast release fractions could be attributed to either matrix 

transport or matrix sorption mechanisms.   

14. For the oil gas samples, the mass release trends indicated that the fast release fraction 

may be controlled by a partitioning type mechanism.   

15. Soot adsorption influences the slowly desorbing fraction of PAHs from MGP site 

samples.  However, soot adsorption may not be the dominant mechanism controlling 

PAH desorption at all MGP sites.   

16. At oil gas sites, soot adsorption might be a principal mechanism controlling the 

desorption of the slowly desorbing fraction of PAHs from site samples. 

17. At coal gas sites, matrix transport mechanisms might be the prevailing mechanism 

controlling the desorption of the slowly desorbing fraction of PAHs from site 

samples. 
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Appendix 
This section presents data supporting the procedures used and conclusions reached in the 

previous sections.  The data presented in this section includes the ROR sample preparation 

data, the NMR spectrums, the ROR curve fit statistics, and the partition coefficients.   

A. ROR Sample Preparation 
This section presents graphs that support the conclusion that sinking fraction of the 

samples was representative of the entire sample.   
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Figure A.2: PAH Distribution on CG 2 
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Figure A.3: PAH Distribution on CG 11 
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Figure A.4: PAH Distribution on CG 12 
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Figure A.5: PAH Distribution on OG 2 
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Figure A.6: PAH Distribution on OG 10 

 

B. Nuclear Magnetic Resonance Spectrums 
Solid-State Cross-Polarization Magic Angle Spinning Nuclear Magnetic Resonance 
(CPMAS NMR) was performed on eleven of the samples (OG 17 had interfered with 
spectrum generation).  Table B.1 shows the spectrum shifts that correlate to the atom 
to which carbon is bonded.  Figure B.1 and Figure B.2 show the NMR spectrums for 
each sample.  The small double peaks at 40 and 210 ppm for OG 2 (Figure B.1) are 
spinning side bands (analytical interferences), not actual peaks.   

Table B.1: Nuclear Magnetic Resonance Carbon Shifts (Ahmad et al. 2001) 
Shift 

(ppm) Bond 
0-45 C-H 

45-100 C-O 
110-140 Aromatic 
140-165 Aromatic-O 
165-190 C=O 
190-220 Aldehyde/Ketone
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Figure B.1: Nuclear Magnetic Resonance Spectrums 
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 CG 12 OG 1  OG 20 
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Figure B.2: Nuclear Magnetic Resonance Spectrums 
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C. ROR Curve Fit Statistics  
Prior to comparing the curve fit parameters to the sample characteristic data, the 

statistical validity of the curve fit parameters was determined.  For each ROR curve, 95% 

confidence regions were determined using the likelihood method (Opdyke and Loehr 

1999).  The confidence intervals accounted for analytical uncertainty and curve fit error 

in the ROR parameters. 

Due to lack of data points, no statistics were generated for OG 1 or CG 11 using the 

likelihood method.  Statistics for the remaining samples follow.  Notations following the 

Table C.1 apply for Table C.1 through Table C.10 (Notations are described in detail in 

Section 5.1.1).  Negative k2 confidence regions are in bold. 

Table C.1: ROR Curve Fit Statistics for OG 2 

 F k1 k2 
 -95 +95 -95 +95 -95 +95 

naphthalene 0.10 0.26 0.14 2.09 2.5E-04 3.1E-03 
2-methylnaphthalene -10 -10 -10 -10 -10 -10 
1-methylnaphthalene -2 -2 -2 -2 -2 -2 
acenaphthylene -10 -10 -10 -10 -10 -10 
acenaphthene -2 -2 -2 -2 -2 -2 
fluorene -6 -6 -6 -6 -6 -6 
phenanthrene 0.04 0.07 0.18 1.19 9.9E-04 1.4E-03 
anthracene -8 -8 -8 -8 -8 -8 
fluoranthene 0.04 0.22 0.02 0.10 -1.6E-03 1.1E-03 
pyrene -10 -10 -10 -10 -10 -10 
benz[a]anthracene -10 -10 -10 -10 -10 -10 
chrysene -10 -10 -10 -10 -10 -10 
benzo[b,k]fluoranthene -10 -10 -10 -10 -10 -10 
benzo[e]pyrene -10 -10 -10 -10 -10 -10 
benzo[a]pyrene -10 -10 -10 -10 -10 -10 

1The sample was not analyzed for benzo[e]pyrene. 
2The specific PAH was below detection in the sample. 
3The PAH was detected in the sample, but there was no released detected. 
4The F, K1 or K2 is zero or negative. 
5The ratio of K1 is less than ten times larger than K2. 
6There was no detectable release prior to 21 days. 
7The F value is less than one tenth the total release after 119 days. 
8Statistical difference in capacity study (Table 3.10).   
9ROR may be measuring XAD2/sample equilibrium partitioning (Table 3.13). 
10Curve fit determined using solver.  However, macro was unable to determine 
statistics using likelihood method. 
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Table C.2: ROR Curve Fit Statistics for OG 5 

 F k1 k2 
 -95 -95 +95 -95 +95 +95 

naphthalene -4 -4 -4 -4 -4 -4 
2-methylnaphthalene -3 -3 -3 -3 -3 -3 
1-methylnaphthalene -3 -3 -3 -3 -3 -3 
acenaphthylene -6 -6 -6 -6 -

2.8E-03 

6 -6 
acenaphthene -2 -2 -2 -2 -2 -2 
fluorene -3 -3 -3 -3 -3 -3 
phenanthrene 0.04 0.06 0.32 4.01 5.3E-04 9.0E-04 
anthracene -6 -6 -6 -6 -6 -6 
fluoranthene 0.02 0.08 0.06 7.01 2.0E-03 
pyrene 0.02 0.08 0.05 5.87 1.9E-03 2.7E-03 
benz[a]anthracene 0.02 0.96 0.00 0.25 -1.1E-02 2.1E-03 
chrysene 0.03 0.28 0.02 1.03 4.5E-04 2.7E-03 
benzo[b,k]fluoranthene 0.03 0.98 0.00 0.17 -1.6E-02 1.8E-03 
benzo[e]pyrene 0.02 1.00 0.00 0.19 -3.6E-02 1.8E-03 
benzo[a]pyrene -10 -10 -10 -10 -10 -10 

Table C.3: ROR Curve Fit Statistics for OG 10 

 F k1 k2 
 -95 -95 +95 -95 +95 +95 

naphthalene 0.21 0.27 0.50 1.65 3.2E-03 4.6E-03 
2-methylnaphthalene 0.14 0.17 0.64 1.88 1.6E-03 2.2E-03 
1-methylnaphthalene 0.12 0.15 0.77 2.00 1.2E-03 1.7E-03 
acenaphthylene 0.05 0.07 0.77 2.08 5.4E-04 7.2E-04 
acenaphthene -2 -2 -2 -2 -2 -2 
fluorene 0.11 0.13 0.83 2.02 1.1E-03 1.4E-03 
phenanthrene -8 -8 -8 -8 -8 -8 
anthracene -10 -10 -10 -10 -10 -10 
fluoranthene 0.06 0.08 0.74 1.58 5.8E-04 7.5E-04 
pyrene 0.08 0.10 0.39 0.82 8.5E-04 1.1E-03 
benz[a]anthracene 0.07 0.09 0.38 0.80 7.9E-04 1.0E-03 
chrysene 0.02 0.03 0.10 0.24 4.7E-04 5.8E-04 
benzo[b,k]fluoranthene 0.03 0.05 0.06 0.13 6.2E-04 8.0E-04 
benzo[e]pyrene -10 -10 -10 -10 -10 -10 
benzo[a]pyrene -6 -6 -6 -6 -6 -6 
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Table C.4: ROR Curve Fit Statistics for OG 17 

 F k1 k2 
 -95 -95 +95 -95 -95 +95 

naphthalene 0.43 0.50 1.36 2.93 4.9E-03 7.8E-03 
2-methylnaphthalene 0.23 0.28 0.67 1.42 2.0E-03 2.9E-03 
1-methylnaphthalene 0.21 0.26 0.54 1.20 1.5E-03 2.4E-03 
acenaphthylene 0.06 0.07 0.47 1.02 5.0E-04 6.9E-04 
acenaphthene -2 -2 -2 -2 -2 -2 
fluorene 0.08 0.10 0.25 0.46 6.4E-04 9.0E-04 
phenanthrene 0.09 0.11 0.21 0.35 1.1E-03 1.5E-03 
anthracene 0.07 0.09 0.14 0.23 4.5E-04 6.4E-04 
fluoranthene 0.04 0.09 0.04 0.13 4.0E-04 1.1E-03 
pyrene 0.03 0.09 0.03 0.15 5.1E-04 1.1E-03 
benz[a]anthracene -10 -10 -10 -10 -10 -10 
chrysene -10 -10 -10 -10 -10 -10 
benzo[b,k]fluoranthene -10 -10 -10 -10 -10 -10 
benzo[e]pyrene -10 -10 -10 -10 -10 -10 
benzo[a]pyrene -10 -10 -10 -10 -10 -10 

Table C.5: ROR Curve Fit Statistics for OG 18 

 F k1 k2 
 -95 -95 +95 -95 -95 +95 

naphthalene 0.53 0.62 3.79 9.45 1.3E-03 4.9E-03 
2-methylnaphthalene 0.49 0.56 3.95 9.01 1.1E-03 3.5E-03 
1-methylnaphthalene 0.46 0.52 4.82 11.61 9.4E-04 2.9E-03 
acenaphthylene 0.26 0.30 5.09 13.90 7.3E-04 1.5E-03 
acenaphthene 0.40 0.44 5.32 10.31 6.4E-04 1.7E-03 
fluorene 0.34 0.38 5.49 13.20 8.3E-04 1.8E-03 
phenanthrene 0.31 0.35 3.46 6.38 7.0E-04 1.6E-03 
anthracene 0.23 0.26 4.28 7.42 4.9E-04 9.8E-04 
fluoranthene 0.22 0.25 1.27 2.16 5.7E-04 1.1E-03 
pyrene 0.25 0.27 1.39 2.08 2.1E-04 6.5E-04 
benz[a]anthracene 0.17 0.18 0.39 0.54 4.9E-04 7.7E-04 
chrysene 0.15 0.17 0.33 0.49 6.2E-04 9.5E-04 
benzo[b,k]fluoranthene 0.07 0.09 0.18 0.39 7.7E-04 1.0E-03 
benzo[e]pyrene 0.07 0.10 0.11 0.24 5.7E-04 8.9E-04 
benzo[a]pyrene 0.07 0.10 0.14 0.28 5.4E-04 8.4E-04 
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Table C.6: ROR Curve Fit Statistics for OG 20 

 F k1 k2 
 -95 -95 +95 -95 -95 +95 
naphthalene -4 -4 -4 -4 -4 -4 
2-methylnaphthalene 0.83 0.87 20.17 38.85 4.0E-04 6.7E-03 
1-methylnaphthalene 0.87 0.90 22.97 39.54 1.1E-03 8.2E-03 
acenaphthylene 0.48 0.51 16.10 31.36 3.3E-03 4.6E-03 
acenaphthene 0.85 0.88 20.39 35.06 1.1E-03 7.5E-03 
fluorene 0.77 0.84 15.51 45.82 5.1E-03 2.0E-02 
phenanthrene 0.72 0.76 13.74 21.54 1.4E-03 4.5E-03 
anthracene 0.77 0.81 13.16 20.23 2.7E-03 7.3E-03 
fluoranthene 0.76 0.79 4.92 6.31 3.3E-04 3.2E-03 
pyrene 0.69 0.73 4.90 6.49 4.3E-04 2.7E-03 
benz[a]anthracene 0.68 0.73 1.11 1.47 8.1E-04 3.8E-03 
chrysene 0.70 0.76 1.18 1.63 4.6E-04 4.0E-03 
benzo[b,k]fluoranthene -4 -4 -4 -4 -4 -4 
benzo[e]pyrene -1 -1 -1 -1 -1 -1 
benzo[a]pyrene -4 -4 -4 -4 -4 -4 

Table C.7: ROR Curve Fit Statistics for CG 1 

 F k1 k2 
 -95 -95 +95 -95 -95 +95 
naphthalene 0.87 0.90 11.84 15.59 2.0E-03 8.9E-03 
2-methylnaphthalene 0.84 0.87 9.74 

6.85 

2.75 

12.37 -1.1E-04 3.5E-03 
1-methylnaphthalene 0.87 0.90 9.12 12.18 -6.0E-04 6.1E-03 
acenaphthylene 0.67 0.69 9.02 11.55 5.7E-04 2.0E-03 
acenaphthene 0.79 0.82 8.41 -6.6E-04 1.9E-03 
fluorene -5 -5 -5 -5 -5 -5 
phenanthrene 0.87 0.90 3.32 3.89 7.4E-04 6.7E-03 
anthracene 0.86 0.90 3.24 -5.5E-04 5.1E-03 
fluoranthene 0.79 0.83 1.21 1.41 2.9E-03 6.7E-03 
pyrene 0.81 0.86 1.04 1.24 9.3E-03 1.9E-02 
benz[a]anthracene 0.65 0.73 0.27 0.35 7.8E-03 1.2E-02 
chrysene 0.65 0.74 0.27 0.37 9.0E-03 1.5E-02 
benzo[b,k]fluoranthene 0.21 0.37 0.09 0.30 6.1E-03 9.3E-03 
benzo[e]pyrene -1 -1 -1 -1 -1 -1 
benzo[a]pyrene 0.25 0.41 0.10 0.24 8.2E-03 1.2E-02 
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Table C.8: ROR Curve Fit Statistics for CG 2 

 F k1 k2 
 -95 -95 +95 -95 -95 +95 
naphthalene -3 -3 -3 -3 -3 -3 
2-methylnaphthalene -6 -6 -6 -6 -6 -6 
1-methylnaphthalene -10 -10 -10 -10 -10 -10 
acenaphthylene -3 -3 -3 -3 -3 -3 
acenaphthene -4 -4 -4 -4 -4 -4 

3.1E-04 
0.46 

fluorene 0.44 0.46 16.72 34.27 -2.7E-04 6.1E-04 
phenanthrene 0.37 0.39 15.30 29.97 1.0E-03 
anthracene 0.44 17.28 29.09 4.0E-05 7.6E-04 
fluoranthene 0.36 0.38 10.67 15.62 1.6E-04 7.1E-04 
pyrene 0.32 0.34 10.32 14.46 -1.1E-04 2.9E-04 
benz[a]anthracene 0.23 0.24 4.13 5.15 1.1E-04 3.4E-04 
chrysene 0.22 0.23 3.58 4.47 5.7E-05 2.7E-04 
benzo[b,k]fluoranthene 0.17 0.19 1.09 1.54 2.1E-04 5.3E-04 
benzo[e]pyrene 0.17 0.18 1.28 1.81 1.5E-04 4.5E-04 
benzo[a]pyrene 0.17 0.18 0.94 1.32 4.5E-04 7.5E-04 

Table C.9: ROR Curve Fit Statistics for CG 3 

 F k1 k2 
 -95 -95 +95 -95 -95 +95 
naphthalene 0.86 0.91 14.66 23.20 2.6E-03 1.5E-02 
2-methylnaphthalene 0.81 0.86 12.59 20.09 9.3E-03 2.5E-02 
1-methylnaphthalene 0.74 0.81 14.63 26.55 7.3E-02 2.1E-01 
acenaphthylene 0.11 

benzo[a]pyrene 0.31 

0.13 0.42 0.69 7.1E-04 1.0E-03 
acenaphthene 0.81 0.87 5.97 9.05 8.4E-03 3.3E-02 
fluorene 0.69 0.76 7.29 14.46 6.5E-03 1.5E-02 
phenanthrene 0.63 0.71 3.42 5.95 1.1E-02 2.0E-02 
anthracene 0.56 0.63 2.73 4.73 5.5E-03 9.7E-03 
fluoranthene 0.57 0.63 1.17 1.66 5.3E-03 8.4E-03 
pyrene 0.59 0.64 1.24 1.69 5.4E-03 8.4E-03 
benz[a]anthracene 0.44 0.48 0.38 0.50 2.6E-03 3.8E-03 
chrysene 0.44 0.48 0.36 0.49 2.8E-03 4.2E-03 
benzo[b,k]fluoranthene 0.29 0.33 0.11 0.15 1.9E-03 2.7E-03 
benzo[e]pyrene 0.14 0.21 0.06 0.13 8.4E-04 1.9E-03 

0.35 0.10 0.13 2.1E-03 2.9E-03 
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Table C.10: ROR Curve Fit Statistics for CG 12 

 F k1 k2 
 -95 -95 +95 -95 -95 +95 
naphthalene -6 -6 -6 -6 -6 -6 

-10 -10 -10 -10 -10 -10 
1-methylnaphthalene -6 -6 -6 -6 -6 -6 
acenaphthylene -10 -10 -10 -10 -10 -10 
acenaphthene -3 -3 -3 -3 -3 -3 
fluorene 0.01 0.02 0.11 0.51 2.8E-04 4.1E-04 
phenanthrene 0.00 0.01 0.17 4.83 2.3E-04 3.0E-04 
anthracene 0.01 0.14 0.58 2.4E-04 3.1E-04 
fluoranthene 0.00 0.01 0.06 5.12 1.4E-04 1.9E-04 
pyrene 0.00 0.23 0.00 0.29 -6.5E-04 1.1E-04 
benz[a]anthracene 0.01 0.04 0.02 0.14 5.0E-05 3.3E-04 

-10 -10 -10 -10 -10 -10 
benzo[b,k]fluoranthene -6 -6 -6 -6 -6 -6 
benzo[e]pyrene -6 -6 -6 -6 -6 -6 

-6 -6 -6 -6 -6 -6 

2-methylnaphthalene 

0.02 

chrysene 

benzo[a]pyrene 

For comparison purposes, the 95% confidence regions of the curve fit parameters were 

determined for the deuterated RORs using the likelihood method (Opdyke and Loehr 

1999).  The confidence intervals accounted for analytical uncertainty and curve fit error 

in the ROR parameters.  Negative k2 confidence regions are in bold. 

Table C.11: Deuterated ROR Curve Fit Statistics for OG 17 

 F k1 k2 
 -95 -95 +95 -95 -95 +95 
naphthalene-d10 0.47 0.58 3.91 17.96 4.8E-03 1.0E-02
naphthalene 0.40 0.53 1.94 8.10 3.6E-03 8.2E-03
1-methylnaphthalene-d10 0.39 0.50 2.32 9.99 2.4E-03 6.0E-03
acenaphthylene-d8 0.38 0.49 2.41 10.85 2.4E-03 5.8E-03
acenaphthylene 0.14 0.18 1.65 6.62 4.9E-04 1.2E-03
anthracene-d10 0.32 0.43 0.45 1.47 3.4E-03 6.4E-03
anthracene 0.07 0.13 0.36 4.48 2.6E-03 3.8E-03
benz[a]anthracene-d10 -1 -1 -1 -1 -1 -1 
benz[a]anthracene -1 -1 -1 -1 -1 -1 
benzo[a]pyrene-d10 0.08 0.99 0.00 0.07 -2.6E-02 2.0E-03
benzo[a]pyrene -1 -1 -1 -1 -1 -1 

1Curve fit determined using solver.  However, macro was unable to determine 
statistics using likelihood method. 
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Table C.12: Deuterated ROR Curve Fit Statistics for OG 18 

 F k1 k2 
 -95 -95 +95 -95 -95 +95 
naphthalene-d10 0.68 0.79 9.66 32.33 7.5E-03 3.3E-02
naphthalene 0.63 0.74 8.86 36.14 7.0E-03 2.5E-02
1-methylnaphthalene-d10 0.61 0.73 4.67 15.38 4.5E-03 1.6E-02
acenaphthylene-d8 0.63 0.74 2.64 5.90 1.9E-03 1.1E-02
acenaphthylene 0.36 0.47 2.73 19.99 1.8E-03 6.0E-03
anthracene-d10 0.57 0.67 0.75 1.37 3.8E-03 1.0E-02
anthracene 0.38 0.46 0.62 1.14 1.7E-03 4.0E-03
benz[a]anthracene-d10 0.33 0.56 0.14 0.53 2.1E-03 9.0E-03
benz[a]anthracene 0.19 0.39 0.08 0.43 5.1E-04 4.4E-03
benzo[a]pyrene-d10 0.32 0.50 0.09 0.23 1.6E-03 6.0E-03
benzo[a]pyrene 0.23 0.41 0.04 0.09 -1.1E-03 1.9E-03

Table C.13: Deuterated ROR Curve Fit Statistics for CG 3 

 F k1 k2 
 -95 -95 +95 -95 -95 +95 
naphthalene-d10 0.81 0.90 26.49 62.95 2.9E-01 1.2E+00
naphthalene 0.76 0.81 13.57 27.27 3.6E-03 1.2E-02
1-methylnaphthalene-d10 0.70 0.82 21.50 3.0E+34 3.3E-01 1.1E+00
acenaphthylene-d8 0.67 0.81 21.40 2.0E+04 3.9E-01 1.4E+00
acenaphthylene 0.06 0.11 0.52 1.8E+07 2.8E-03 3.7E-03
anthracene-d10 0.40 0.82 3.86 20.08 7.9E-02 9.2E-01
anthracene 0.67 0.87 1.45 4.33 -4.0E-04 3.4E-02
benz[a]anthracene-d10 0.76 0.83 0.51 0.64 1.2E-02 2.3E-02
benz[a]anthracene 0.48 0.58 0.44 0.70 8.9E-03 1.4E-02
benzo[a]pyrene-d10 0.63 0.73 0.16 0.21 9.2E-03 1.5E-02
benzo[a]pyrene 0.46 0.68 0.08 0.15 1.1E-03 7.8E-03
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Table C.14: Deuterated ROR Curve Fit Statistics for CG 12 

 F k1 k2 
 -95 -95 +95 -95 -95 +95 
naphthalene-d10 0.50 0.61 5.01 22.21 6.7E-03 1.4E-02
naphthalene 0.14 0.22 1.75 9.4E+05 1.1E-03 2.7E-03
1-methylnaphthalene-d10 0.46 0.56 3.42 12.09 5.7E-03 1.2E-02
acenaphthylene-d8 0.49 0.58 3.94 12.24 3.5E-03 8.0E-03
acenaphthylene 0.11 0.16 1.71 20.79 5.4E-04 1.5E-03
anthracene-d10 0.45 0.60 0.73 2.07 7.3E-03 1.5E-02
anthracene 0.09 0.17 0.55 7.97 2.7E-03 4.2E-03
benz[a]anthracene-d10 0.70 0.85 0.07 0.10 1.7E-03 1.0E-02
benz[a]anthracene 0.08 0.49 0.02 0.41 -2.8E-03 2.1E-03
benzo[a]pyrene-d10 0.68 0.95 0.03 0.05 -9.9E-03 6.2E-03
benzo[a]pyrene -1 -1 -1 -1 -1 -1 

1Curve fit determined using solver.  However, macro was unable to determine 
statistics using likelihood method. 

D. Partitioning Coefficients 
This section presents partitioning values used in Section 6.3 to determine desorption 

enthalpies and the COV of each value. 

Table D.1: Fast Fraction Partitioning Values (Kd) for CG 3 

 Average COV 
 4°C 23°C 34°C 4°C 23°C 34°C 
naphthalene 363 442 26 6% 34% 25%
2-methylnaphthalene 1,560 1,240 742 11% 29% 8%
1-methylnaphthalene 1,450 1,060 799 11% 27% 8%
acenaphthylene 2,390 4,750 97 10% 36% 11%
acenaphthene 1,930 2,250 1,630 11% 26% 8%
fluorene 2,950 1,690 1,200 10% 25% 9%
phenanthrene 7,080 7,080 1,040 12% 21% 10%
anthracene -1 6,740 -1 -1 27% -1 
fluoranthene 31,400 23,900 3,770 25% 61% 16%
pyrene -1 -1 -1 -1 -1 -1 
benz[a]anthracene -1 -1 -1 -1 -1 -1 
chrysene -1 -1 -1 -1 -1 -1 
benzo[b,k]fluoranthene -1 -1 -1 -1 -1 -1 
benzo[e]pyrene -1 -1 -1 -1 -1 -1 
benzo[a]pyrene -1 -1 -1 -1 -1 -1 

1PAH not detected in aqueous phase. 
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Table D.2: Fast Fraction Partitioning Values (Kd) for OG 17 

 Average COV 
 4°C 23°C 34°C 4°C 23°C 34°C 
naphthalene 1,350 1,170 387 15% 51% 21%

18,140 8,480 2,790 28% 31% 26%
1-methylnaphthalene -1 7,730 4,830 -1 32% 45%
acenaphthylene 25,800 48,960 7,320 9% 30% 26%
acenaphthene -1 -1 -1 -1 -1 -1 
fluorene 60,300 -1 13,118 21% -1 24%
phenanthrene 109,050 207,000 21,100 39% 26% 21%
anthracene -1 -1 31,800 -1 -1 15%
fluoranthene 167,000 -1 92,800 12% -1 21%
pyrene -1 -1 -1 -1 -1 -1 
benz[a]anthracene -1 -1 -1 -1 -1 -1 
chrysene -1 -1 -1 -1 -1 -1 
benzo[b,k]fluoranthene -1 -1 -1 -1 -1 -1 
benzo[e]pyrene -1 1 -1 -1 -1 
benzo[a]pyrene -1 -1 -1 -1 -1 -1 

2-methylnaphthalene 

-1 -

1PAH not detected in aqueous phase. 

Table D.3: Fast Fraction  Partitioning Values (Kd) for OG 18 

 Average COV 
 4°C 23°C 34°C 4°C 23°C 34°C 
naphthalene 1,460 49,900 1,320 9% 108% 22%
2-methylnaphthalene 2,230 131,000 983 19% 127% 23%
1-methylnaphthalene 2,120 59,000 764 20% 100% 23%
acenaphthylene 1,870 5,750 11,500 22% 67% 61%
acenaphthene 2,580 8,350 517 23% 325% 24%
fluorene 4,400 5,430 1,730 21% 72% 21%
phenanthrene 12,900 13,200 11,000 24% 40% 21%
anthracene -1 15,000 10,200 -1 42% 52%
fluoranthene 66,800 43,800 87,100 29% 61% 85%
pyrene -1 -1 -1 -1 -1 -1 
benz[a]anthracene -1 -1 -1 -1 -1 -1 
chrysene -1 -1 -1 -1 -1 -1 
benzo[b,k]fluoranthene -1 -1 -1 -1 -1 -1 
benzo[e]pyrene -1 -1 -1 -1 -1 -1 
benzo[a]pyrene -1 -1 -1 -1 -1 -1 

1PAH not detected in aqueous phase. 
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Table D.4: Slow Fraction Partitioning Values (Kd) for OG 17 

 Average COV 
 4°C 23°C 34°C 4°C 23°C 34°C 
Naphthalene 60,600 6,320 2,170 4% 58% 6%
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