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Abstract

Evaluating organic compound sorption to several materials to assess
their potential as amendments to improve in-situ capping of
contaminated sediments
Patrick John Dunlap, M.S.E.
The University of Texas at Austin, 2011

Supervisor: Danny Reible
Contaminated sediments represent a common environmental problem because
they can sequester large quantities of contaminants which can remain long after the
source of pollution has been removed. From the sediment these hazardous compounds
are released into the sediment porewater where it can partition into organisms in the
sediment and bioaccumulate up the food web; leading to an ecological and human health
concern. The objective of this work is to investigate an emerging option in contaminated
sediment remediation; specifically an option for in-situ treatment known as active
capping. Conventional capping uses clean sediment or sands to separate contaminated
sediment from overlying water and biota. Active capping is the use of a sorptive
amendment to such a cap to improve its effectiveness.
This work focuses on granular materials as direct amendments to conventional
caps including; granular activated carbon (GAC), iron/palladium amended GAC, alumina
pillared clay, rice husk char, and organically modified clays. All materials were
investigated in batch sorption tests of benzene, chlorobenzene, and naphthalene in DI
water. Additionally porewaters from three sites were extruded and the concentrations of
polycyclic aromatic hydrocarbons (PAHs) and polychlorinated biphenyls (PCBs) were
measured. At Manistique Harbor and Ottawa River PCBs were identified as the primary
contaminant of concern while PAHs were the contaminant of concern at the Grand
Calumet River. At these sites a solvent extraction method was used to analyze the
sediment concentrations of the contaminants of concern. From the former batch tests
activated carbon and a commercially available organoclay were chosen for further
investigation. This includes PAHs in batch sorption tests using extruded sediment
porewater to investigate matrix effects, and PCB sorption in distilled water.
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Chapter 1: Introduction
Contaminated sediments represent a massive problem in terms of environmental
health and remedial costs which occurs on a global scale. Currently remediation of these
hazardous waste sites are mostly limited to developed countries, primarily in the United
States and Europe; but there are numerous rivers and lakes around the world with legacy
contamination and continuing pollution.

As countries continue to develop stricter

environmental policies will be desired and attention will be turned towards remediating
these sites.

This means that research aimed at improving sediment remediation

techniques and the understanding of the fate and transport of contaminants in benthic
settings will be of great value for current and future generations.
Contaminated sediments represent a common problem due to their tendency to
sequester hazardous materials from a variety of sources including point source municipal
and industrial discharges, runoff from urban areas, and contaminated groundwater flow.
Because sediment solids are a mixture of minerals, fixed carbon, and organic carbon;
there is a large capacity for the sediment to sorb a variety of inorganic and organic
contaminants which can remain long after the source of pollution has been removed.
These contaminated solids are at equilibrium with the water in the sediment which is
known as interstitial or porewater. It is from here that hazardous materials can be
reemitted through diffusion and advection into the overlying body to water.

More

significantly when dissolved in the porewater the contaminant is bioavailable; that is it is
available to partition into benthic organisms which reside in the sediment. From the
tissue of these lower organisms the contaminant can bioaccumulate and biomagnify into
organisms further up the food chain which leads to an ecological and human health
concern.

According to a 1997 report by the United States Environmental Protection
1

Agency (US EPA) this concern applies to approximately 10% of the sediment underlying
U.S. surface waters (US EPA 1997).
Many of these sites are in some stage of monitoring or remediation under the
legislative framework of the Comprehensive Environmental Response, Compensation,
and Liability Act of 1980. Management of these sites is challenging because of the
difficulty in assessing the best option among a host of options which all have drawbacks
and risks.

The primary remedial options include environmental dredging, in-situ

treatment, and natural recovery; with many variations in the execution of each of these
and situations in which a combinations of techniques are used.

Because of the

complexity of the contaminated sediment problem and the variability of site constraints
there is no one answer to sediment remediation.
RESEARCH FOCUS
The objective of this work is to investigate an emerging option in contaminated
sediment remediation which has great potential for many contaminated sites where
existing options may be inadequate in one or several aspects. Specifically this work
looks at an option for in-situ treatment known as active capping. Conventional capping
uses sediment or sands to separate contaminated sediment from the overlying water and
biota. Active capping is the use of an amendment to such a cap that can improve its
effectiveness. In the current work, sorbents that can enhance the separation of the
contaminated sediment from the overlying water and biota are investigated. This work
focuses on granular active capping materials as direct amendments to conventional caps.
In chapter 2 this thesis reviews the primary sediment remediation options, the
physiochemical mechanisms relevant to active capping, and the active capping materials
which are the subject of my investigation. The contaminants relevant to this thesis are
2

discussed briefly and the impact of natural organic matter on the contaminants of concern
is reviewed. Additionally a review of sites where active capping has been implemented
as a final remedial option or as a pilot investigation was undertaken and these are
tabulated, and a breif description of the sites where we received sediment samples from is
given.
In chapter 3 methods of analysis are reviewed, followed by a description of the
experimental methods employed. This includes descriptions of batch sorption tests which
were conducted in distilled water, the technique used for generating porewater and
collecting it for analysis or for batch testing, the methods for conducting batch sorption
test in the extruded porewater, and the extraction method for analyzing sediment
concentrations of contaminants.
In chapter 4 results from the distilled water batch tests are presented as isotherms.
Additionally practical considerations surrounding the use of the different sorbents is
discussed and promising sorbents are selected for further investigations.
In chapter 5 selected materials are investigated further. This includes some cap
performance modeling to assess the relative effectiveness of caps with different sorbents
and two different configurations when subjected to the same environmental conditions.
These are compared to the performance of a unamended sand cap. Additionally the
results from the porewater and sediment analysis are discussed. Sorption tests of PCBs in
deionized water are performed and discussed, and the impact of porewater on sorption is
investigated in batch tests by performing PAH sorption tests in extruded porewater.

3

Chapter 2: Literature Review
REMEDIATION AND ACTIVE CAPPING
Remediation of contaminated sediment sites can be achieved in several ways;
some of the most common methods include environmental dredging, natural attenuation,
and in situ capping. Environmental dredging describes the removal of contaminated
areas of sediment from the site followed by their ultimate disposal usually off site.
Several drawbacks to environmental dredging exist; including contaminant resuspension
and exposure of residuals.

During dredging the contaminant being remediated is

inevitably reintroduced into the overlying water or left exposed at the sediment surface
thereby increasing contaminant exposure to biota and potentially increasing contaminant
concentration in surface waters. Exposure to humans can occur post-removal including
to volatile and semivolatile contaminants during sediment dredging, processing, and
transportation (Flynn 2009).

An additional drawback is the costs and complexity

associated with the dredging, dewatering, transportation, and ultimate destruction or
disposal of the sediment causing environmental dredging projects to sometimes run over
budget (Estes 2007).
Natural attenuation describes the reduction in contaminant bioavailability over
time due to natural processes. When applied to sediment remediation the reduction in
contaminant bioavailability is monitored and the option is referred to as monitored
natural recovery (MNR). Several processes are at work in natural attenuation though
typically the most important is the increasing physical separation between the
biologically active layer and the contaminated layers due to sedimentation of clean
material; put another way, the contamination is buried. Other processes play a role as
well and include contaminant degradation and natural reduction in bioavailability due to
contaminant sorption to naturally occurring materials. Site and contaminant specific
4

properties are important factors in the efficacy of using in situ capping or MNR.
Indications for MNR include that hydrodynamic conditions are such that continuing
sedimentation will increase isolation of the contaminated layer, that contaminants may be
biodegraded, and that the site poses a low human health risk as is (Förstner and Apitz
2007).
In-situ sediment capping is the placement of clean material over the contaminated
sediment to separate it from the biota and overlying water. In this way capping can be
thought of as an artificial enhancement of the separation by sedimentation which occurs
in natural attenuation. The material used in capping is commonly a layer of clean sand
greater than 20 inches potentially topped with an armoring layer of stone (Knox and
Paller 2009). Indications for in situ capping include relatively low energy waterways that
are not strongly erosive situations where ground water upwelling through the cap will not
cause unacceptable transport of the contaminant into the habitat layer.

Further

indications include that the existing sediment is structurally robust enough to support the
weight of the cap without sediment consolidation and contaminant release (Förstner and
Apitz 2007).
If site conditions are such that contaminant transport up through the cap is a
concern then active capping is an option which can reduce this transport (Reible et al.
2006). Active capping is a further enhancement of reduction in bioavailability through
permeability control, the encouragement of biodegradation, or by enhancing sorption of
the contaminant to the cap material. The latter is the focus of this thesis. To be a viable
option for an active capping application a material should be low in cost, be highly
sorbing of the contaminant of concern, be readily settable or in a form such as a mat for
convenient placement, and be resistant or erosion. Materials which have been proposed
include activated carbon or coke, organophilic clays, apatite minerals, and Aquablock™
5

(Reible et al. 2006). A summary of several active capping demonstrations, pilot studies,
and remedial actions can be found in Table 2.1. These active capping amendments are
generally only appropriate for certain classes of compounds though some amendments
may be applicable to a broader range of contaminants. As the focus here is on organic
contaminants this thesis will focus on the sorption of these contaminants by the cap
amendments under discussion.

Site

Active Component

Contaminant or
Purpose

New Hampshire

Two Different Reactive Mats

Evaluate for NAPL and
PAH containment

Pine Street
Canal

Organoclay Reactive Core Mat (RCM)

Contain NAPL

Grand Prairie TX
‐ Cottonwood
Bay

Apatite with Sand Armoring
Activated Carbon with Sand Armoring
Organoclay with Sand Armoring

Heavy Metals and PCBs

Poughkeepsie
NY ‐ Hudson

Organoclay RCM

Contain NAPL

Savannah River
Site near Aiken
SC,

apatite/sand
biopolymer/apatite/sand
biopolymer/apatite/organoclay/sand

Evaluating caps to
sequester heavy metals

A New
Hampshire
Estuary

Organoclay RCM

Coal Tar

Grenlandfjords,
Norway

Clay
Clay/Activated Carbon Mix
Crushed Limestone

Chlorinated
Dioxins/Furans

Table 2.1 – Pilot and Full Scale Active Capping Projects
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Site

Contaminant or
Purpose

Active Component

Northwest
Indiana, Grand
Calumet River

Activated Carbon Matt with Sand Armoring

Mixed Organics ‐SVOCs,
PCBs, Pesticides

Cotton Wood
Bay TX

Activated Carbon
Organoclay
Apatite

Evaluate PAH and PCB
Containment

Dover NH,
Cocheco River

Activated Carbon
Organoclay
Apatite

Evaluate PAH and Heavy
Metal Containment

Northwest
Indiana, Grand
Calumet River

Sand/Organoclay
Sand/Peat

Evaluate Coal Tar
Contamination
Containment

Anacostia River,
Washington, DC

Apatite/sand
AquaBlock/sand
Coke/sand

Heavy metals, PAHs, and
PCBs

Ottawa River,
OH

AquaBlock

Evaluating Installation
Technique

Fort Richadson,
AK

AquaBlock

Evaluating Installation
Technique

Stryker Bay,
Duluth, MN

Activated Carbon RCM

Sequester PAHs

Portland, OR

Organoclay ‐ Bulk and RCM

Contain Creosote NAPL

Grasse River,
Massena, NY

Granular Bentonite
on Sand/Soil/Bentonite Slurry
on Aquablock

Contain PCBs

Table 2.1 (Continued) – Pilot and Full Scale Active Capping Projects

7

CONTAMINATED SEDIMENT SITES
For this study sediments cores were obtained from several contaminated
sediments sites around the Great Lakes; all of them are listed as Great Lakes Areas of
Concern (AOCs). Within the framework under which the Great Lakes AOCs are being
remediated 14 beneficial use impairments have been defined which includes the
following.


restrictions on fish/wildlife consumption,



eutrophication or undesirable algae,



tainting of fish/wildlife flavor



restrictions on drinking water consumption or taste and odor



degradation of fish/wildlife populations



beach closings



fish tumors/deformities



degradation of aesthetics



bird/animal deformities or reproduction problems



added costs to agriculture/industry



degradation of benthos



degradation of plankton populations



restriction on dredging activities



loss of fish/wildlife habitat

What follows is a brief history of these sites, their contaminants of concern, and
their current remedial status (US EPA 2011a).
Grand Calumet
The Grand Calumet River AOC encompasses areas of East Chicago, Hammond,
and Gary, Indiana. Impaired waterways include the East Branch and portions of the West
8

Branch of the Grand Calumet River and the Indiana Harbor and ship canal. This is an
urban and very industrial area with much of the river’s flow (>90%) made up of
industrial wastewater, municipal wastewater, and urban runoff. As a result the Grand
Calumet River is a very contaminated site and is impaired in all 14 beneficial uses.
Contaminants of concern in this area include PCBs, PAHs, and heavy metals. (US EPA
2011a)
Manistique Harbor
Manistique Michigan is a town on the upper peninsula of Michigan through which
the Manistique River drains into Lake Michigan. The waterway has in the past seen
considerable use as a navigable waterway and has received wastewaters from lumber
mills, paper mills, and other small industries. As a result the sediment in the last 1.7
miles of the river and harbor was contaminated with PCBs, oils, and heavy metals and
was listed as one of the EPA’s Areas of Concern (AOCs) in the 1970s. Dredging of the
Manistique Harbor/River AOC took place from 1995 to 2000. Sampling in the past
decade has shown significant reductions in PCBs in the sediment and biota and has led to
the delisting of 3 of the 5 beneficial use impairments which were originally applied to the
site with restrictions on fish and wildlife consumption and dredging activities remaining
(US EPA 2011b). However sediments samples received by us were from areas of the site
not dredged.
Ottawa River
The Ottawa River is part of the EPA’s Maumee River AOC. The Ottawa River
does not intersect the Maumee River but runs parallel to it and discharges into the North
Maumee Bay on Lake Erie.

Site is contaminated due to historic discharges from

landfills, industrial facilities, and combined sewer overflows. In the past 10 years many
9

of these sites have been cleaned or capped and in the Fall of 2010 dredging of 240,000
cubic yards for contaminated sediment was completed (US EPA 2010). The Maumee
River AOC is listed as impaired in 10 beneficial use areas (US EPA 2011c).
CONTAMINANTS
The 1997 Contaminated Sediment Report to Congress classified sediment
contaminants into the following groups; metals, mercury, polychlorinated biphenyls
(PCBs), pesticides, polynuclear aromatic hydrocarbons (PAHs), and other organics.
These categories were arrived at by considering the prevalence of the contaminants at
sites and the level to which the contaminants pose a health risk. The placement of PCBs
and PAHs as distinct from other organics is reflective of their relevance due to the
commonness of their occurrence at contaminated sediments sites and their potential risk.
The former is illustrated in the fact that of the sites which are being investigated in the
current study; all three contain PCB contamination and two of the three contain PAH
contamination.

PAHs and PCBs along with some less hydrophobic contaminants;

specifically benzene and chlorobenzene, are the focus of this thesis. Table 2.2 lists the
contaminants which are investigated in order of octanol-water partitioning coefficient.
For these compounds KOW varies over several orders of magnitude. At lower
KOW is benzene and chlorobenzene which both exhibit acute toxicity. Additionally
benzene is a recognized human carcinogen. PAHs are compounds made from fused
aromatic rings and can be found in petroleum products or formed as byproducts of
combustion. Several of the PAHs are potential human carcinogens and acutely toxic.
PCBs are structures containing two benzenes bonded to each other with varying numbers
of chlorines substituted for hydrogens on those benzene rings. PCBs can bioaccumulate,
act as endocrine disruptors, and as a class exhibit carcinogenicity (LaGrega et al. 2001).
10

Anoth
her importan
nt feature off PCBs is thaat the planarrity, or degreee to which aall atoms off a
molecule can lie in the same plane, is variable betweeen congenerrs. Planarityy can have aan
impact on physio
o/chemical behavior
b
of the
t PCB andd can be redduced due too chlorines iin
the orrtho position
ns (positionss 2 and 6)

Compound
C

Form
mula

Log Kow
K

Benzene

C6H6

2.13 *

Ch
hlorobenzenee

C6H5Cl

2.84
4*

Naphthalene
N

C10H8

3.34
4*

Ph
henanthrenee

C14H10

4.52
2*

Pyrene

C16H10

5.08 *

2,4,4'Tricchlorobiphen
nyl

C12H7Cl3

5.67
7 **

2,2',5,5'Tetraachlorobipheenyl

C12H6Cl4

5.84
4 **

2,2',4,5,5'Pentaachlorobipheenyl

C12H5Cl5

6.38
8 **

Structure

Tablee 2.2 – Contaaminants in this study with
w values off Log Kow * From CRC Handbook oof
Cheemistry and Physics
P
**Frrom Hawkerr and Connelll 1988
For this study
s
naphth
halene was obtained
o
from
m Alpah Aeesar in solidd form at 99..6
% pu
urity. Phenaanthrene and
d pyrene weere obtainedd from Acroos Organics and were foor
97% and 98% purity
p
respectively. Beenzene and chlorobenzene were oobtained from
m
Fisch
her Scientificc in ACS cerrtified pure phase
p
liquidd form. PCB
B Congenerss numbers 288,
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52, and 101 were obtained from Ultra Scientific in solid form and were at 97.2%, 99.7%,
and 98.3% purity respectively.
SORPTION THEORY
Before further discussing specific active capping components it is good to briefly
discuss the process of sorption and the terminology surrounding it which will be used in
the remainder of this paper. Sorption is a broad term which describes a variety of
physical-chemical mechanisms of partitioning solutes from a liquid or vapor phase to a
solid phase. Generally the term adsorption refers to any process in which the solute
partitions to surface the surface of a solid; while absorption refers to processes in which
solutes enters the bulk solid phase. In both cases the equilibrium constant for the sorption
reaction or partitioning coefficient is defined as

Q is the mass of the compound of interest sorbed to the sorbent with units of mass
of contaminant per mass of sorbent and C is the dissolved concentration of the compound
of interest in the liquid or gas phase. The units of Kd are volume per mass of sorbent; the
units of Q are mass of contaminant per mass of sorbent, and the units of C are mass of
contaminant per volume.
The different physical processes at work lead to different equilibrium partitioning
behavior over a range of concentrations.

In the case of absorption there is little

competition between molecules already associated with the sorbent and so the partition
coefficient remains constant over a wide range of concentrations. This means that a plot
between equilibrium dissolved concentration and the corresponding concentration

12

assocciated with th
he sorbent; an
a isotherm,, will be lineear with a sllope equal too Kd and passs
throu
ugh the origin
n as can be seen
s
in Figurre 2.1a.

a)

b)

cc)

Figurre 2.1 – Lineear Isothermss, Freundlich
h Isotherms,, and Langm
muir Isotherm
ms
In the casse of adsorp
ption there iss a limited aamount of ssurface area to which thhe
comp
pound can adsorb
a
whicch may limiit ultimate ssorption andd encouragee competitivve
sorption of comp
pounds leadiing to exhau
ustion of thee sorbent maaterial and a reduction iin
Kd. The
T two mosst common relations
r
to describe
d
adsoorption partiitioning are tthe Langmuuir
and Freundlich
F
Isotherms which
w
can also
a
be fouund in Figuure 2.1b andd 2.1c.

Thhe

Lang
gmuir Isotherrm is theoreetically deriv
ved from thhe assumptioons that therre are a finitte
numb
ber of sites on
o the surfacce of the sorbent whichh the sorbatee can bind too and that thhe
chang
ge in free en
nergy upon sorption
s
of th
he compounnd at each sitte is constannt. This leadds
to thee following relation
r
1
Where QMax
aximum sorb
bent concenntration withh the same uunits as Q annd
M is the ma
KL iss the Langm
muir constaant with thee units voluume per maass contaminnant.
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Thesse

parameters are commonly determined experimentally which can be done with the
following linearization (El-Nahhal 2004).
1

1

The Langmuir isotherm shows linear behavior when KC << 1 but the partitioning
coefficient rapidly decreases and equilibrium sorbent concentration becomes constant as
the aqueous concentration increases.
The Freundlich Isotherm is an empirical model which reflects adsorption onto a
heterogeneous surface. It follows the form,

Where KF is the Freundlich constant with units mass contaminant times
(volume)^n per mass sorbent times (mass contaminant)^n and n is a dimensionless
constant which is usually less than one.

These constants are usually determined

experimentally which can be done easily from a dataset by the following linearization.

Despite its being an empirical relation the Freundlich isotherm can be interpreted
physically in the following way. As a compound sorbs to the surface its presences
interferes with other sorbed compounds of the same species thereby increasing the
likelihood of a sorbed molecule to desorb and decreasing the area that free molecules can
adsorb at. Unlike the assumptions inherent to the Langmuir isotherm, there are not a
finite number of sites but rather a continual surface. Additionally sorption to the different
spaces on the surface are associated with the release of different free energies. This
means that there is a continual decrease in partitioning coefficient as more contaminant
sorbs but there is not a maximum theoretical sorbent concentration Q. There are cases in
which the sorption of a compound increases the affinity of more molecules to the same
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variety to adsorb which causes the partitioning coefficient to increase with increasing
aqueous concentration and will be seen mathematically as an n>1 (Behera et al. 2010).
SORBENT MATERIALS
Natural clays
Naturally occurring clays are recognized as an excellent means of reducing
advective transport of water due to their low permeability (Oyanedel-Craver, Fuller, and
Smith 2007). In addition many clays readily remove ionic contaminants such as heavy
metals due to their high cation exchange capacity. The degree to which clays will adsorb
heavy metals is highly dependent on the type of clay, matrix effects, and the sorbate.
Nonionic hydrophobic molecules do not adsorb well to the hydrophilic surface of clay
meaning there will be little retardation of organic contaminants in an active capping
application. Often organics sorbing to clays will show the unique property of following a
Freundlich Isotherm with n>1, meaning that the partitioning coefficient between the clay
and the organic molecule will increase as more organics adsorb to the clays surface (Lee
et al. 2004; Behera, Oh, and Park 2010). This is termed cooperative sorption and is due
to sorbate-sorbate binding being more favorable than sorbate sorbent binding.
When specially manufactured clay materials are used as capping layers for the
purpose of reducing advective transport this is also considered an active cap. Aquablock
is one such product which is designed to be readily settable granular material which
swells upon hydration to form a continuous material of low permeability (Adventus
Americas Inc. 2006). For a sorption tests with a natural clay, Kaolinite was used. It was
obtained from a commercial source where it is used in ceramics manufacturing;
specifically, Hydrous Kaolin under the name Hydrite ® R.
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Organophilic Clay
Organophilic clays are clays which have been amended with organic material.
This is achieved by exchanging an organic cation, most commonly a quaternary amine,
with cations associated with the clays negatively charged surface. Generally organoclays
are used in applications where a non-aqueous phase liquid (NAPL) is present as their
performance in sequestering NAPL is excellent and well documented. However they can
sorb dissolved organics as well which is the purpose of this investigation and therefore
this review. Depending on the structure of the organic cation organophilic clays can be
divided into long and short chain groups.

Figure 2.2 shows the molecular structure of a

long chain organophilic clay, in this case dimethydioctadecyl ammonium (DMDODA).
Short chain organophilic clays do not have a very high molecular weight functional group
and can include such structures as tetramethyl ammonium (Groisman 2004) and
benzyltriethyl ammonium (Oyanedel-Craver, Fuller, and Smith 2007). The structural
differences between long and short chain organoclays leads to significant differences in
sorption behavior; with short chain organoclays being better at sorbing less hydrophobic
organic contaminants and long chain organoclays being better at sorbing highly
hydrophobic organic contaminants.

Short chain organoclays exhibit Langmuir type

sorption behavior while long chain organophilic clays exhibit linear absorption
(Groisman 2004).
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rich phase. Maximum linear partitioning coefficients of 1675 L/kg and 36184 L/kg were
reported for naphthalene and phenanthrene respectively while unmodified bentonite show
values of 151 L/kg and 426 L/kg.
El-Nahhal investigated the sorption of phenanthrene to several different
organophilic clays with structural differences in the organic cations used. Among these
different clays little correlation between organic carbon content and partitioning
coefficient of phenanthrene was observed.

This suggests that when comparing

organophilic clays with organic cation differences the fraction of organic carbon is not
the most important factor in partitioning; but that these structural differences themselves
had a large impact.
Two organoclays were used in this work. A commercial organophylic clay, PM199 Organoclay™ was obtained from the manufacturer (CETCO). PM-199 is a bentonite
modified by cation exchange with a hydrogenated tallow based quaternary amine to
produce di(hydrogenated tallow)dimethylammonium bentonite. Two non-commercially
available clays were.

The laboratory produced organoclay was specifically

Dimethyldioctadecylammonium

Montmorillonite

(DMDODA-MMT)

and

was

synthesized at Purdue (Cliff Johnston, 2009).
Pillared Clays
Pillared clays have been developed as a means of taking advantage some of the
unique properties associated with the clay’s surface by imparting them with a permanent
porosity and thereby increasing access to their surface.

They are synthesized by

intercalating larger molecule “pillars” into the interlayer area between the clay sheets in a
thermal process. This could be advantageous in applications such as ion exchange,
catalysis, and sorption (Maes 1997). Previous research has investigated the sorption of
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chlorinated phenols to Alumina Pillared Montmorillonite (Danis 1998; Jiang et al. 2002).
In the study by Jiang et al the Alumina Pillared montmorillonites showed considerably
less sorption than montmorillonite which was pillared and also modified with surfactants.
This shows that when compared alongside an organically modified clay the pillared clay
shows little enhancement in the sorption of organics suggesting that increasing the
surface area of clay has does not have a significant impact on partitioning as the
unmodified clay surface is a poor sorbent. The pillared clay used in batch tests was an
alumina pillared montmorillonite which was synthesized alongside the DMDODA-MMT
at Purdue (Cliff Johnston, 2009).
Activated Carbon
Activated carbon is a manufactured material composed almost entirely of carbon which is
designated powdered activated carbon (PAC) when its particle size is less than 100 µm
and granular activated carbon (GAC) when this size is greater. Activated carbon is
characterized by a very high porosity yielding a very high specific surface area which
ranges approximately from 500 to 2000 m2/g. Theses pores are classified according to
their size as macropores, mesopores, and micropores corresponding to >50 nm, 50–2 nm,
and <2 nm respectively which are arranged in a branching configuration from larger to
smaller pores as can be seen in Figure 2.3.
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will create a strong bond between the organic sorbate and the activated carbon surface.
Because sorption to activated carbon is to an inhomogeneous surface; contaminant
molecules will first sorb to the most favorable site which will lead to a decrease in
partitioning coefficient at higher concentration meaning that the process will usually
follow a Freundlich or Langmuir isotherm.
Sorption of PAHs and PCBs onto activated carbon has previously been studied for
the purposes of both remediation and to better understand the fate of these hydrophobic
organic compounds in the environment (Walters and Luthy 1984; Ahn et al. 2005;
Brändli et al. 2008). While activated carbon is a manmade material it is chemically
similar to black carbon or fixed carbon, a naturally occurring class of carbon which can
have a significant impact on the fate of organics in the environment and their
bioavailability.
Sorption of PAHs by activated carbon was studied by Walters and Luthy (1984),
who determined Langmuir isotherms to provide the best fit over a broad range. They also
fit the data to a Freundlich isotherm which is reported here for consistency with the other
literature (Walters & Luthy, 1984). Reported Log KF (in (ug/kg)/(ug/L)n) were 7.15,
7.22, and 7.43 and n was .43, .41, and .39 for naphthalene, phenanthrene and pyrene
respectively. Other researchers (Ahn, 2005) determined the Log KF to be 7.76 and 7.38
and n to be .34 and .27 for phenanthrene and pyrene respectively. It is interesting that
Ahn shows a decrease in KF from phenanthrene to pyrene while Luthy shows a trend of
increasing KF with increasing molecular weight of the PAH. Both papers pulverized the
activated carbon in an attempt to eliminate kinetic limitations due to internal particle
diffusion so discrepencies in KF and n must be due to other factors such as the pore size
distributions of the different activated carbons. The activated carbon used in this study
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was a commercially available granular activated carbon was obtained from the EPA
National Risk Management Research Laboratory (Cincinnati, OH).
PCB sorption to activated carbon was studied by (Sharma 2008) using a coconut
shell activated carbon. The units of KF have been changed and the result is plotted in
Table 2.3 below.

This shows that partitioning to activated carbon is related to Kow

strongly which is influenced by the total number of chlorines and the number of chlorines
in the ortho position. For example when 2 chlorines are added to PCB 52 to make PCB
153 or to PCB 77 to make PCB 169; Log Kow increases by approximately 1.1 in both
cases. For PCBs 77/168 the added chlorines were in the ortho position and Log KF
increases by about 2; however, for PCBs 52/153 Log KF only increases by .1. This
indicates that the addition of ortho chlorines will have conflicting impacts on sorption to
activated carbon by increasing hydrophobicity but causing other interferences.

PCB
#

Log Kow

Log KF
((ug/kg)/
(ug/L)n)

n

1

4.46

7.9

0.34

2,2',5,5'-tPCB

2

5.84

7.7

0.44

3,3',4,4'-tPCB

0

6.36

8.4

0.61

2

6.92

7.8

0.4

0

7.42

10.3

1

Formula

# Ortho
Cls

1

2-cbp

52
77
153
169

2,2',4,4',5,5'hPCB
3,3',4,4',5,5'hPCB

Table 2.3 – Sorption of PCBs to Activated Carbon adapted from Sharma (2008)
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Palladium Reactive Material
Because of their ability to concentrate very dilute concentrations of contaminants,
activated carbons have also been studied as mediums upon which degradation reactions
can take place. This can be in the form of biological degradation as in biological
activated carbon filters for water and wastewater treatment or in the form of chemical
degradation due to the amendment of some catalytic component. Notably GAC amended
with nanoscale particles of bimetallic iron and palladium have been studied for the
dechlorination of PCBs (Choi et al. 2009). They found adsorption of 2-chlorobiphenyl to
be similar in Fe/Pd/GAC as in standard GAC. However digestion of the materials to
recover sorbed organics showed that the Fe/Pd amended material showed reductions in
PCB and increases in biphenyl concentration. With these materials however a reduction
in dechlorination capacity over time is also expected, due primarily to the oxidation of
the iron reducing its electron transfer capacity. Aging effects were investigated for 1 year
in three conditions; N2 gas, H20 no oxygen, and H20 with low (.1 - .2 mg/L) oxygen.
These showed reductions in reactivity of 5.6%, 19.5%, and 32.5% for the three conditions
respectively (Choi et al. 2009).
The Fe/Pd/GAC was obtained from the EPA National Risk Management Research
Laboratory (Cincinnati, OH) (Choi et al. 2009). The Pd/Fe/GAC was stored in an
anaerobic glove box as per handling instructions and required amounts were removed as
necessary to conduct testing.
Rice Husk Char
In addition to these a third carbonaceous sorbent was investigated as a comparison
to a low cost industrial by product.

The chosen product was rice husk char; an

agricultural by product which is produced in massive quantities around the world; with an
excess of 100 million tons available annually and with local supply of the product often
24

in great excess of local uses (Chuah et al. 2005). Rice Husk Char has been reported to
have a specific surface area of 480 m2/g; at the lower end of specific surface areas for
activated carbon (Yalçın 2000). Additionally elemental analysis revealed carbon as the
primary constituent though where higher degrees of impurities than conventional
activated carbon. The sorption of heavy metals and dyes by rice husk char has been
studied by several researchers previously. Rice husk activated carbon has been shown to
be effective at removing many heavy metals (Chuah et al. 2005), with the mechanism
likely being hydrogen bonding of metal hydroxide complexes to surface oxygen groups
of the rice husk (Daifullah 2003) while considerably less literature is available on
sorption of organics to rice husks.
Rice husk char was obtained from Agrilectric Research Company (Lake Charles
LA). The rice husk char was their MaxFlo Advanced Filter Aid product which is an
agricultural byproduct from the combustion of rice husks.
IMPACT OF NATURAL ORGANIC MATTER ON SORPTION
Although the sorbents studied herein are designed to sorb the contaminant
organics, sediments contain significant quantities of “natural organic matter” (NOM) that
can compete for sorption sites. NOM is a ubiquitous component of natural waters formed
by the breakdown of larger organics such as decaying plant and animal matter. The
impact of a further subset of NOM, the hydrophobic acids which are termed humic and
fulvic acids, are often cited as being of greatest impact to sorption processes (Sharma
2008).

In water treatment adverse impacts of humic/fulvic acids include radical

scavenging in advanced oxidation processes, fouling of membranes, decreasing
coagulation efficacy, and decreases in GAC column performance.

As a result the

decrease in sorption for activated carbon due to NOM exposure is a process which has
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been research extensively. NOM impact is however less well established for organoclays
and natural clays.
Humic/fulvic acids are recognized as the primary cause for decreases in
adsorption of organic compounds by activated carbon exposed to natural waters, this is
caused by both competitive sorption and pore blockage (Zhao 1998). The pore blockage
effect has been demonstrated by running two batch sorption tests in water containing
humic acid in slightly different ways. In one case sorbent and contaminant are added
simultaneously while another batch is run in which the sorbent was added first and
allowed to come to equilibrium with the humic acids before the contaminant is added.
This has environmental relevance in an active cap with contaminated porewater flowing
upward through the cap. In that situation the mass transfer zone of humic sorption will
move faster than the mass transfer zone of the contaminant and so much of the sorbent
will be exposed to the humic substances before being exposed to the contaminant.
Less work has focused on investigating the impact of humic substances on
sorption of organics by organophilic clays. For comparison between activated carbon
and organoclay; it was reported that there is a significant impact on TCE sorption of
preloading activated carbon with humic acids (Kilduff and Karanfil 2002) while research
by Zhao (1998) on several different long chain organophilic clays indicated that there is a
small impact or potentially an enhancement of TCE sorption to these organoclays when
preloaded with humic acids. Sharma et al (2008) showed a 78% reduction in sorption of
PCBs to an organoclay which had been preloaded with humic acids but only a slight
decrease in sorption when the organoclay was post loaded. Sharma et al. speculated that
the mechanism of this may be blockage of the interlayer spacing similar to the pore
blockage mechanism associated with activated carbon. In the case of natural clays
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sorption enhancement due to the presence of NOM has been shown (Behera, Oh, and
Park 2010).
Parameters of the water which indicate that the particular matrix may have
significant impacts on sorption include dissolved organic carbon (DOC) and specific
ultraviolet absorbance (SUVA). A high DOC can indicate the presence of organics
occurring compounds which may compete with the contaminants in sorption or the
presence of dissolved colloidal material which the contaminant could sorb. SUVA is the
ultraviolet absorbance of the water at 254 nm divided by TOC. Previous studies have
correlated absorbance at 254 nm to the humic acid content of water and so a high SUVA
indicates that the TOC present in the matrix has a high percentage of humic acids (Chin,
Aiken, and O'Loughlin 1994).
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Chapter 3: Methods
ANALYSIS
Gas Chromatography – Flame Ionization Detector
Benzene and Chlorobenzene were analyzed by Gas Chromatography with a Flame
Ionization Detector (GC-FID) using a headspace autosampler. 5 mL of sample were
placed in a 22 mL headspace sampling vial which was then heated and agitated. An
aliquot of the vapor phase was sampled and injected into a 30 meter Restek RTX-624
column. The carrier gas was high purity nitrogen at 10 mL/minute and the temperature
program was run as follow: initial temperature 40ᵒC, held for 3 minutes, ramped to 140ᵒC
at 20ᵒC/minute, ramped to 220ᵒC at 50ᵒC/minute, held for 3 minutes.

The Flame

Ionization Detector does not uniquely identify contaminants and so retention times are
used for contaminant identification. Area of the peaks generated by the flame ionization
detector to benzene and chlorobenzene over their elution times showed a linear response
against compound concentration. Linear regression was used to generate a response
factor to be used in analysis which can be found in Appendix A.
Gas Chromatography – Electron Capture Detector
Polychlorinated Biphenyls (PCBs) were analyzed with an Agilent 6890 Series
Gas Chromatograph. Samples were stored in a 2 mL amber sample vial which was
sample with a Gerstel Twister autosampler. 1 mL/min high purity nitrogen was passed
through a 60 meter Agilent HP-5 column, an aliquot of the sample was injected and the
temperature program was run as follows: initial temperature 100ᵒC, ramped to 230ᵒC at
1.5ᵒC/minute, ramped to 280ᵒC at 15ᵒC/minute, held for 15 minutes. An electron capture
detector was used to quantify the mass of the compounds though as it cannot uniquely

28

identify the compound this method was dependent on retention time for compound
identification. Standard curves can be found in Appendix A.
High Pressure Liquid Chromatography
PAH concentrations were determined by EPA method 8310 with Waters High
Performance Liquid Chromatography. The carrier liquid used is a 70:30 acetonitrile and
water solution which is passed through a HC-ODS Sil-X column at 1 mL/minute and
35ᵒC. Florescent and Ultraviolet Absorbance detectors are both used in series, the former
used to detect low concentration from the sub ppb range to 50 ug/L while the latter is
used to detect concentrations greater than 50 ppb. Again these detectors show positive
relation to compound concentration and retention time of the peaks was used for positive
identification of compounds. However if concentration is high enough for detection with
the UVA detector the spectrum can be checked for compound identification. Standard
curves can be seen in Appendix A.
Specific Ultraviolet Absorbance
Specific Ultraviolet Absorbance (SUVA) of a water is defined as the ratio of absorbance
through 1 cm of water at 254 nm to the dissolved organic carbon (DOC) concentration
expressed in mg/L. This was determined by EPA method 415.3. First the waters were
filtered through a .45 um polypropylene syringe filter, and then DOC was determined by
an OI 1030C TOC analyzer in wet combustion mode. An aliquot of the same filtered
sample was used to determine the ultraviolet absorbance was determined with an UV
absorbance detector in a 1 cm cell (US EPA 2005).
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DISTILLED WATER BATCH TESTS
Benzene, Chlorobenzene, and Naphthalene
First sorption of the less hydrophobic compounds was investigated in batch tests.
To establish the relative effectiveness of the sorbents and trends associated with
contaminant hydrophobicity. For these batch tests, first sorbents were measured into 65
mL Pyrex centrifuge tubes.

The centrifuge tubes were filled completely with

electrolytic/biocide solution containing 10 mM each of sodium chloride, calcium
dichloride, and sodium azide. These were then capped with a Mininert brand Teflon cap
leaving no headspace.

250 uL was removed from each vial to keep any of the

contaminant stocks from standards from escaping bottle during spiking. After this the
exact volume of solution added was determined gravimetrically due to variability in the
precise volumes of the centrifuge tubes and the masses of the sorbents added. Finally a
contaminant standard which contained benzene, chlorobenzene, and naphthalene in
methanol was added to the centrifuge tubes with an airtight syringe through the Mininert
cap to give the appropriate initial concentration of each contaminant. The volume of
stock added was always less than .5 % of the volume of the batch to minimize solvent
impacts on the matrix in the samples. Along with the samples containing the pre weighed
mass of sorbent a sample without any sorbent was run as a sample blank. The samples
and sample blanks were allowed to equilibrate in a tumbling box for 7 days. At the end
of 7 days the tubes were centrifuged at 3500 rpm for 15 minutes. Then supernatant from
the samples and the sample blanks was extracted through the Mininert cap with an
airtight syringe and transferred directly into the appropriate sample vial for analysis.
Benzene, chlorobenzene were analyzed by gas chromatography with a flame ionization
detector while naphthalene was analyzed with HPLC as described in the analysis section
of this chapter.
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Polychlorinated Biphenyls
The method used in sorption batch tests for polychlorinated biphenyls (PCBs)
sorption in DI water was modified due to several differences in the properties of the
contaminants. Due to the high hydrophobicity and low solubility of these compounds it
was necessary to start with a low initial PCB concentration and use a very low sorbent to
water ratio; and so these tests were performed in 1 liter with small masses of sorbent.
Volatility was again a concern but the mininert caps were not for the 1 liter bottles which
were available so the use of mininert caps and air tight syringes was not possible.
Minimal headspace was left in the jars to minimize loss to the headspace and low sorbent
spiking and sampling was done as quickly as possible with a micro pipette to avoid losses
during those steps.
First 1 liter of the electrolytic solution used in the other batch tests was added to a
1 Liter amber glass jar containing the preweighed mass of sorbent or no sorbent in the
case of the blanks. To this jar a stock solution of acetone containing 3 congeners of
Polychlorinated

Biphenyls

was

added:

2,4,4'-Trichlorobiphenyl;

2,2',5,5'-

Tetrachlorobiphenyl; 2,2',4,5,5'-Pentachlorobiphenyl or PCB 28, PCB 52, and PCB 101.
The concentration of the congeners in acetone was proportional to their solubility and
volume of stock was chosen to give the batches an aqueous concentration near to the
solubility of each congener. These jars were then sealed and allowed to equilibrate for 1
week in a rotary tumbler, after which time 1 mL of the sample was withdrawn and placed
in a sample vial for PCB analysis by GC-ECD as discussed in the analysis section of this
chapter.
Calculation
A mass balance on the batch was used to calculate the concentration of
contaminant sorbed to the sorbent by the following formula.
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Q

C

C
⁄

Where Q is the contaminant concentration on the sorbent, CI is the initial
contaminant concentration in the water, CE is contaminant concentration in the water at
equilibrium, M is the mass of the sorbent in the sample, and V is the volume of water in
the batch. The initial water concentration was taken to be the concentration in the blank
to account of mass losses of the contaminant.

For benzene, chlorobenzene, and

naphthalene blanks were run in quadruplicate and averaged while for the PCBs they were
run in triplicate.
COLUMN SETUP AND POREWATER EXTRUSION
To analyze the concentrations of contaminants in the porewater and to use the
porewaters in experiments, representative and relatively large volumes of porewaters had
to be obtained. This was done by the extrusion of porewater from one end of a column
containing sediment by pumping water into the other end of the column. As mentioned
this was done for two purposes which had different collection procedures of the
porewater though extrusion is the same in both cases. In this section the extrusion
procedure is describe while collection procedures for the pore water analysis and pore
water batch tests are described in their respective sections.
Cores were provided by USACE and contractors for the sites using 7.5 cm ID
plastic core tubes. These were capped and sealed in the field and sent on ice to The
University of Texas at Austin where they were stored at 4° C.
subsurface ends of the core were labeled on the core.

The surface and

When ready for porewater

extrusion the caps on the cores were removed and replaced with a modified 2.5 cm
schedule 40 PVC cap at both ends. The caps contained a Fischer brand P5 qualitative
filter contacting the sediment which was supported on the other side with a glass beads.
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column the Teflon tubing ran one of several collection vessels depending on the purpose
of the extrusion (analysis or collection for batch tests).
The columns all had a sediment volume of at least 3 L with moisture content from
40 to 50 percent. This gives a porewater volume of at least 1200 mL. Less than this
volume was extruded during any one extrusion event and this was always followed by a
period of no flow through the column for several days. As the water entering the column
was from the same site (and therefore of a similar pH and salinity) and as it was in
contact with the sediment for several days; it is believed that in that time equilibrium with
the sediment was reached. So this method should yield synthetic porewater with very
similar characteristics to actual porewater at the site of interest.
POREWATER ANALYSIS
Here analysis of PAH and PCB concentrations in the porewaters of the different
sites is described. The PAH analysis method is described first followed by PCB analysis
technique.

These are seperate as the two are unique due to the much lower

concentrations of individual PCB congeners compared to individual PAHs.
When collecting extruded porewater for the purpose of measuring PAH
concentrations small volumes from 1 to 2 mL were extruded and collection techniques
were designed to minimize contaminant losses.

Collection actually followed three

different techniques to allow for their comparison. A sample was extruded into a small
vial through a hold in the septa. The cap of the vial was cracked to let air out as the vial
filled but to keep air exchange at a minimum. When enough water was collected it was
either transferred to a glass syringe and filtered through a .45 um Teflon filter into an
HPLC vial (collection technique 1) or transferred directly without being filtered
(collection technique 2). A third technique which doesn’t allow for filtration but which
34

should have even less volatile losses was to collect the extruded porewater directly into
an HPLC vial containing 1 mL of ACN and weigh the vial before and after to obtain the
mass of water extruded and then calculate a dilution factor. PAHs were then analyzed by
HPLC as discussed previously in this chapter.
PCB porewater concentration was determined as follows; because individual
congeners of PCBs were expected in porewaters in very low concentrations solid phase
microextraction (SPME) was used for concentration in the analysis of these compounds.
This was accomplished by mixing sediment with distilled water in a Pyrex jar with a
Teflon septa to make a thick slurry. To this slurry a 2 cm polydimethylsiloxane (PDMS)
coated glass fiber was added. This was mixed in a tumbling box for 3 weeks. At the end
of this time the slurry was dumped into a sieve and the fiber was recovered, wiped clean,
and quickly added to 250 uL of hexane. This was then analyzed with GC-ECD for
several congeners of PCBs. It was assume that depletion of the PCBs in the sediment
slurry was minimal so the 2nd equation from the SPME section which is later in this
chapter was used.
SEDIMENT ANALYSIS
Here extraction method of PAHs and PCBs from sediments is described.
Sediment concentrations of PAHs and PCBs were determined by EPA method 3550C
(US EPA 2007). First sediment was mixed with anhydrous sodium sulfate until it was
free flowing. This was mixed with 1:1 Acetone and Hexane in a glass jar which was
sonicated, after which solvent was decanted and filtered. Extraction was repeated two
more times, the last time sediment was placed in the filter, the extraction jar was rinsed
with the same solvent which was also filtered. This sediment extract was then subject
cleanup using a modified version of the EPA Method 3630C for Silica Gel Cleanup.
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First the extract was passed through a burette containing anhydrous sodium sulfate
followed by a burette containing activated silica gel. These were then rinse with the 1:1
Acetone and Hexane mixture. Next the extract was concentrated by evaporation of
solvent with dry nitrogen gas in a nitrogen blowdown apparatus. Concentrated extract
was analyzed for PCBs by GC-ECD and PAHs were analyzed by HPLC.
PORE WATER BATCH TESTS
Here the specifics of extrusion for the porewater batch tests and the procedure for
these batch tests is described. The purpose of these tests being to investigate any impacts
due to background organics present in the porewater on sorbent performance.

The

different site porewaters contain different amounts of the contaminants of interest but not
enough for the batch tests. So the addition of more mass of the contaminant was
necessary for the batch tests. Also the purpose of this extrusion was attainment of a
realistic porewater matrix; not to obtain waters with contaminant concentrations which
are the same as those at the site.

So extra precautions to minimize loses of the

contaminant were not taken and blank corrections were used to compensate for the
unknown exact initial concentration.
Porewater was extruded from each of the three site columns as described
previously into a 1 liter pyrex jar which were then stored in a 4°C room. Upon extrusion
the porewater was generally clear but during storage some natural coagulation appears to
have occurred so immediately before the batch tests were the porewaters were filtered
through a Fischer Brand P5 qualitative filter. Mixing was achieved with a Teflon coated
stir bar and to these waters contaminant stock containing the PAHs was added. The jar
was immediately sealed by attaching a jar pump. The pump delivered a controlled
amount of water per pump and this was then used to inject a consistent amount of
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contaminated water into amber glass jars containing preweighed amounts of sorbents.
Minimal headspace was left in bottles.

After addition of water the bottles were

immediately sealed. Throughout the spiking process several initials were taken into
HPLC vials.

Additionally the sample blanks were taken at several different times

throughout the spiking step. Blanks and samples were allowed to equilibrate for 3 weeks
in a tumbling box. Due to the high hydrophobicity of these contaminants a low solid to
water ratio was required which coupled the relative difficulty of attaining porewater
compared to DI water meant that replicates were not used in these tests.
Additionally a variation on the porewater batch tests was performed at one
sorbent concentration as a spot check. Each site/material combination subjected to these
test was run in two batches but with the same sorbent concentrations. The first batch is
the “preloaded” case in which the sorbent was in the batch with the porewater for 1 week
being spiked with contaminant. In the second batch is the “fresh” case in which the
porewater was in the batch without sorbent or contaminant at the same time. After 1
week sorbent was added to the fresh sorbent batch and both batches were spiked with
naphthalene, phenanthrene, and pyrene. This was run for 1 more week at which time 1
mL of the water was sampled for analysis. Additionally a blank was run for each site.
SOLID PHASE MICRO EXTRACTION (SPME)
Solid phase micro extraction was used in some cases of the porewater batch tests
as a method to analyze very low level concentrations of the PAHs. Additionally it was
used in sediment slurries to determine the concentrations of individual PCB congeners.
First sorbents were separated from the water phase of the batches. Then a precut length
of thin glass fiber sheathed in a layer of polydimethylsiloxane (PDMS) was added to the
water phase or the slurry. The water was sealed with minimal headspace and allowed to
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equilibrate for 3 days. After the equilibration time the fiber was separated from the fiber
and immediately place in a premeasured volume of solvent; ACN was used for PAHs
while hexane was used for PCBs. The solvent was analyzed for the contaminant by the
HPLC or GC-ECD as described previously. The concentration in the water phase was
then determined from the following formula.
ug
ug
V
C
C
L
L
V

mL
mL

1

K

V

Or in the case of the slurries it is assumed that the reduction in contaminant
concentration due to microextraction is negligible, then the following formula can be
used.
C
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Where CI is the contaminant concentration in the water phase before SPME,
CSolvent is the measured contaminant concentration in the solvent, VSolvent is the volume of
the solvent used to extract the contaminant from the fiber, VWater is the volume of water
analyzed, Kf is the fiber-water partitioning coefficient, and VPDMS is the volume of
Polydimethylsiloxane used in the extraction. Log Kf (dimensionless) for the PAHs was
determined by previous experiments in our research group to be 3.95 and 4.46 for
phenanthrene and pyrene respectively. Log Kf for PCBs were determined using the
relationship 1.03*log Kow-0.938 (Mayer 2000) with values of Log Kow reported by
Hawker & Connell (Hawker and Connell 1988). VPDMS is related to the length of the
fiber by the expression
V

.0000691

uL
cm

L

cm

Based on an estimation of the concentration in the water phase this extraction was
designed so that the concentration in the water is reduced by less than 10% by the
extraction process. This ensures that mass transfer of the contaminant to the fiber will
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not limit the reaction kinetics and equilibrium will be reached over the time scales of the
experiment.
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Chapter 4: Preliminary Screening of Sorbent Materials
Here the results of the first round of sorption testing on the materials are
discussed. These are the distilled water batch tests which were done on all materials to
gauge their ability relative to each other. This is followed by a discussion of some
practical and economic considerations which should be addressed for any material which
is a candidate active cap amendment.
DISTILLED WATER BATCH SORPTION TESTS
A total of 6 batches were run in which with a mass of the different sorbents were
spiked with the same mass of contaminant. In addition to the batches the last data point
from the kinetics tests was used to add a data point to the isotherms. In some cases an
individual data point did not meet quality criteria and was eliminated from the isotherms.
In some cases this meant the mass of sorbents were sufficient to reduce the contaminant
concentration to non-detects, requiring exclusion of that batch. In some cases, the mass
of sorbent was not sufficient to produce a significant reduction in water concentration
compared to no sorbent controls, again requiring exclusion of that batch. This means that
sorption to the sorbent being tested is similar to sorption to the wall of the vessel or other
losses, leading to a high uncertainty in the results.

Batches resulting in less than a 20%

reduction in water concentration after sorption were excluded from the results. Raw data
for the distilled water batch tests can be seen in Appendix B where a color coding system
is used to illustrate which batches were excluded and for what reason.
Clays
The commercially available organophilic clay; CETCO PM-199 Organoclay ™,
was investigated in several batch tests for sorption of Benzene, Chlorobenzene, and
Naphthalene. Results of these batch tests can be seen in Figure 4.1. As expected for a
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long chain organophilic clay the best fit for PM-199 and these compounds was a linear
isotherm. This trend holds over a large range of concentrations suggesting that the
mechanism of sorption was partitioning into the organic phase.
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Figure 4.1 – Sorption of Benzene, Chlorobenzene, and Naphthalene onto Cetco PM-199
The units for Q, sorbent concentration and C aqueous concentration are µg/mg
and µg/L respectively. This means that the slopes of the regression lines are in L/mg and
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that multiplying the slopes by 106 will yield dimensionless partitioning coefficients in the
more typical units of L/kg. These are 3030 L/kg, 410 L/kg, and 80 L/kg for Naphthalene,
Chlorobenzene, and Benzene respectively.

Results from the laboratory synthesized

dimethyldioctadecylammonium modified montmorillonite (DMDODA-MMT) sorption
tests can be seen in Figure 4.2.
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Figure 4.2 – Sorption of Benzene, Chlorobenzene, and Naphthalene onto DMDODAMMT
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Again a linear relation between aqueous concentration and sorbent concentration
is seen over a wide range suggesting that sorption is achieved by partitioning. The
partitioning coefficients are 2070 L/kg, 222 L/kg, and 49 L/kg for naphthalene,
chlorobenzene, and benzene respectively. A comparison of sorption behavior between
the two organophilic clays and each compound as well as their Kows can be found in
Table 4.1.
The alumina pillared montmorillonite (Al-Pillared MMT) was investigated in
fewer batches than the other materials. This is because organic contaminant batch tests
were discontinued in later tests due to the low sorption seen by Al-Pillared MMT in the
earlier tests. Further only two viable results were attained for naphthalene with this
material because in two batches no consistent differences were seen between blanks and
samples. Results of the sorption tests can be seen in Figure 4.3. There is an apparent
increase in partitioning coefficient for all three materials with increasing aqueous
concentration indicating sorption to the already sorbed organic molecules is more
favorable than the initial sorption of the sorbate to the clay surface.

Maximum

partitioning coefficients seen were 5.6, 6.3, and 28 L/kg for benzene, chlorobenzene, and
naphthalene respectively.

The curves could be fit reasonably well with Freundlich

isotherms though there is a lot of uncertainty in this due to the limited data set.
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Figure 4.3 – Sorption of Benzene, Chlorobenzene, and Naphthalene onto Alumina
Pillared Montmorillonite
Kaolinite was investigated in one of the batch tests for sorption comparison of the
modified clays to a natural clay. The partitioning coefficients measured were 1.4 L/kg,
4.3 L/kg, and 5.0 L/kg at concentrations of 4874 µg/L, 4981 µg/L, and 5053 µg/L. For
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the Kaolinite the equilibrium aqueous phase concentrations are comparable to the
maximum concentrations in the Al-Pillared MMT batches.
Partitioning Coefficient (L/kg)

Benzene
Chlorobenzene
Naphthalene

CETCO
PM-199*

DMDODAMMT*

Alumina-Pillared
MMT**

Kaolinite**

80
410
3030

49
222
2070

5.6
6.3
28

1.4
4.3
5.0

Table 4.1 –Partitioning Coefficients for modified and unmodified clays (*Calculated
from regression of several batches, ** Maximum values)
A summary for the sorption with the clay materials can be found in Table 4.1. A
consistent trend is observed, between DMDODA-MMT and CETCO PM-199 the
partitioning coefficient consistently increases between 50% and 100%. Because the
organic modifiers of these two clays are very similar, it is likely that this factor is
representative of the difference in the fraction of organic carbon between these two clays.
Comparison of the Al-pillared MMT to the natural clay shows that the modified
clay shows less than an order of magnitude increase in sorption. The modified clay has a
greater surface area due to the swelling nature of montmorillonite and further due to the
alumina “pillars” holding the clay layers apart which along with differences in surface
chemistry between montmorillonite and kaolinite are likely the causes of the increase in
sorption. However, the increases are not sufficient to make the pillared clay an attractive
sorbent compared to the other materials
Activated Carbon
Sorption of benzene, chlorobenzene, and naphthalene onto a commercially
available activated carbon was investigated. A Freundlich and Langmuir linearization
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were both applied to this data and it was found that the Freundlich model most closely fit
the experimental data, which can be seen in Figure 4.4. This indicates what is well
established applies in our case; that hydrophobic interactions with the surface of the
sorbent is the mechanism of sorption.
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Figure 4.4 – Sorption of Benzene, Chlorobenzene, and Naphthalene to Activated Carbon
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The units of the figure are in log (µg/L) and log (µg/mg); which will give a unit of
(ug/mg)/(ug/L)n for KF which can be converted to the more popular unit (ug/kg)/(ug/L)n
by multiplying by 106. Log KF in the units (ug/kg)/(ug/L)n is what is used in discussion
of the results as is common in literature. Additionally the slope of the regression line
gives n; the exponential term of the Freundlich isotherm, directly. The calculated Log
(KF) is then 6.11, 7.11, and 7.54; and n is .39, .27, and .21 for benzene, chlorobenzene,
and naphthalene respectively.
Sorption of the same contaminants to the novel material Fe/Pd/GAC was studied
as well. Again the best fit was attained when fitting the data with a Freundlich isotherm;
with the Freundlich linearization for each in Figure 4.5. In this case dimensionless log
(KF) was 4.53, 5.47, and 5.22; and n is .40, .31, and .63 for benzene, chlorobenzene, and
naphthalene respectively.
Rice husk char was also investigated in a single batch as a comparison to other
more expensive carbonaceous adsorptive materials.

The partitioning coefficients

measured were 69 L/kg, 630 L/kg, and 33000 L/kg at concentrations of 7390 µg/L, 1450
µg/L, and 28 µg/L. The rice husk char likely shows nonlinear sorption but and so these
results are just a snapshot of the full isotherm. To compare rice husk with the activated
carbon we compare it’s Kd with what the partitioning coefficient would be for activated
carbon at this concentration given activated carbon’s Freundlich parameters.

The

calculation yields 5625 L/kg, 63420 L/kg, and 2493000 L/kg for benzene, chlorobenzene,
and naphthalene respectively; which is almost two orders of magnitude higher than the
partitioning coefficient for the rice husk char for all compounds. The same calculation
shows that partitioning to rice husk char at these concentrations is closer to the
Fe/Pd/GAC material.
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Figure 4.5 – Sorption of Benzene, Chlorobenzene, and Naphthalene to Fe/Pd/GAC
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Activated
Carbon

Fe/Pd/GAC

Rice Husk
Char

Kow

Log KF

n

Log KF

n

KD

Benzene

6.11

.39

4.53

.40

69

2.13

Chlorobenzene

7.11

.27

5.47

.31

630

2.84

Naphthalene

7.54

.21

5.22

.63

33000

3.34

Table 4.2 – Partitioning Coefficient for Carbon Sorbents
Inspection of Table 4.2 shows that for these three materials there is a trend of
increasing values of KF or KD as hydrophobicity increases. Among these materials
Fe/Pd/GAC is about 2 orders of magnitude lower in the value KF than activated carbon.
Another striking result is that the exponential term is significantly higher for naphthalene
though the reason for this is unclear. Though it is possible that the presence of the Fe/Pd
excludes the larger naphthalene molecule from the surface area associated the finer pore
spaces in the activated carbon changing the sorbtive behavior. Though the presence of
the bimetallic component may increase the reactivity of the material it would appear that
its presence on the surface has some adverse impact beyond the 15% of the activated
carbons surface area which Choi (2009a) reported the activated carbon occupies. It is
worth noting that rice husk exhibits a partitioning coefficient similar to organophilic clay
at high concentration as displayed by benzene and chlorobenzene, and an order of
magnitude higher at low concentrations as with naphthalene.
PRACTICAL CONSIDERATIONS SURROUNDING SORBENTS
The selection of a sorbent is not strictly dependent upon sorption effectiveness.
Low cost, weakly sorbing materials may exhibit a better cost/performance ratio than high
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cost strongly sorbing materials. In addition, use of any material at large contaminated
sediment sites requires materials that are available in large volume and where use at these
sites would not appreciably increase demand (and therefore) price of the material.
Finally, the material used as a sorbent must be able to be placed at a sediment site without
substantial loss or subsequent loss of effectiveness. The following discussion provides a
preliminary evaluation of issues other than sorbent capacity. .
Several types of organoclays are available commercially and they are already
used in several large scale applications such as landfill lining, water treatment, and in
several sites for active capping of contaminated sediment. When used at contaminated
sediment sties it is generally due to the presence of a nonaqueous phase liquid (NAPL).
In contaminated sediment capping projects an organoclay reactive core is the most
common application though there have been cases where the final remedial option
included granular organoclay such as the McCormick and Baxter Site in Portland Oregon
(Kuriakose 2010). Correspondence with CETCO has indicated that cost of organoclay
when used in a quantity relevant to sediment capping is approximately $1.50/lb.
DMDODA
The organoclay which was synthesized for this project uses a specific organic
modifier which is similar to or a member of the family of modifiers used in PM-199.
This indicates that this material could be produced at a similar cost and in a similar form
as Cetco’s product. The most significant difference between the two is the use of
montmorillonite as the clay instead of bentonite; again a more specific clay. There was
also little difference in the sorption which this product displayed alongside PM-199.
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Al-Pillared montmorillonite
A typical cost of a pillared clay was not able to be directly determined. Alumina
and montmorillonite are commercially available at prices less than other materials
considered here; however a review of a synthesis process found in the literature (Maes
1997) utilized a thermal process to pillar the clay. This thermal process will likely cause
pillared clays to be similar to or in excess of the price of other modified clays such as
organoclay.

Because the alumina pillared montmorillonite displayed only slightly

enhanced sorption of organics over a natural clay it is likely that this cost will not be
justified in an active capping site for organic contaminants. Though the use of a pillared
clay may prove economically viable in a heavy metal contaminated site if the increased
porosity were to significantly enhance access to the clays surface for exchange of the
heavy metals.
Activated Carbon
Small quantities of activated carbon can be found online for generally around
$2.50/lb for activated carbon though correspondence with a vendor indicated that
economies of scale or using recycled activated carbon can bring the cost down to around
$1.50/lb, a range which is similar to the cost of organoclays. One deployment issue with
activated carbon is that it is considerably less dense than sand which gives it a lower
settling velocity. This would make the deployment of a mixed granular activated carbon
and sand layer difficult and if it deployed successfully there may be a tendency for the
materials to separate over time. There are currently several researchers looking into
novel deployment techniques involving the hydraulic placement of these materials
(Archer et al. 2011).
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Fe/Pd/GAC
Assuming that the GAC used in the synthesis of this material is the same as the
cost discussed above, we can assume Fe/Pd/GAC will cost considerably more. The raw
materials and increased processing costs alone will likely raise the cost of this material by
an order of magnitude if it is commercially implemented. Additionally it is apparent
from our work with this material that oxidation of the active metal components can
happens quite quickly upon exposure to the atmosphere so an oxygen free environment
would likely be necessary for storage and transportation which will increase the cost and
complexity of working with this material. Furthermore deployment without exposure to
atmospheric oxygen may also be necessary.

This may require a novel deployment

method if this material is to realize any advantages over conventional activated carbon.
Even if deployed properly Choi (2009b) described the aging of these materials due to
exposure to the low levels of oxygen which would be found in an sediment cap.
Rice Husk Char
Being an agricultural/industrial by product, this material is considerably less
expensive than GAC, with a quote from a supplier at $.42/lb. Like the other activated
carbon products deployment could present a problem due to its low density. This is more
apparent in the case of rice husk char as the grains were smaller and flakier than for GAC
and during batch tests it was obvious that the rice husk char did not settle readily.
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Chapter 5: Assessing the Field Performance of Conventional Activated
Carbon and CETCO PM-199
Given the results of the batch tests and the discussion of practicality of the
sorbents, it was decided to go focus on the commercially available organoclay and
activated carbon for further testing in porewaters.

PM-199 was chosen over the

synthesized organophilic clay because they showed very similar sorption behavior and
the granular PM-199 is easier to work with than the powdered and hydrophobic form of
the alternative. Al-Pillared MMT was not chosen as it showed very little sorption even of
hydrophobic molecules and would likely cost a similar amount as organoclays. The
Pd/Fe/GAC was not investigated further because it showed less sorption than activated
carbon potentially due to adverse impacts due to the presences of the Fe/Pd nanoparticles.
The material however does show promise theoretically and could perhaps take advantage
of its unique properties if inventive deployment methods are developed.
Further investigation includes cap breakthrough modeling to gain an idea of the
relative effectiveness of these materials under the same environmental conditions.
Additionally the sorption of naphthalene and two higher molecular weight PAHs are
measured. The naphthalene tests are to investigate of the impact of the porewater matrix
on sorption as naphthalene sorption has been measured in porewater.

The higher

molecular weight PAHs give are to investigate the sorption of these compounds relevant
to the contaminated site under site conditions. Additionally contaminant concentrations
in site porewater and sediment are measured. As PCBs are also present as contaminants
of concern at the sites their sorption in DI water was investigated to compare to previous
DI water batch testing.
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CAP BREAKTHROUGH MODELING
Based upon sorption results from the distilled water batch tests an active cap
model will be used compare actual performance in an applied active capping situation.
CapSim (Lampert, personal communication), a model currently under development for
use in simulating cap behavior, was used to evaluate the long-term performance of the
tested sorbents assuming that the measured isotherms predicted field sorption capacity.
Each material is simulated in two different capping scenarios; the first with a 1 cm thick
layer of the active component topped by 29 cm of sand. The second scenario is a mixed
cap with the equivalent mass of the 1 cm thick active component mixed homogeneously
in 15 cm of sand and topped with 15 cm of clean sand. In this case the active cap layer
becomes has 1/15 the bulk density (as sorbent) but is 15 time as thick. This is simulated
in the model by reducing the bulk density of the sorbent materials by a factor of 15, and
this includes an imbedded assumption that sorption to the sand is negligible.

The

breakthrough curve was tracked from within the sand layer at 10 cm below the surface to
simulate breakthrough in the zone of habitation and to avoid irregularities which may be
encountered at the boundary of the model. Environmental and contaminant parameters
which were used in this modeling effort can be seen in Tables 5.1 & 5.2.
Table 5.1 gives the parameters and conditions which remained constant
throughout all models.
activated carbon.

Table 5.2 shows the changed parameters from PM-199 to

One notable difference with this run was that the partitioning

coefficient for sand was taken to be 10 instead of 1. While sorption to the sand is
negligible, it is important in the calculation of the time step which the model uses. By
increasing the sand partitioning coefficient slightly the model was able to run much faster
which was important for the activated carbon for which the time to breakthrough is so
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long. This is at the cost of a slight inaccuracy though in both cases the activated carbon
the impact of the sand will still be negligible as compared to the sorbent.
Number of Layers
Top Layer
Consolidation/Deposition
Darcy Velocity
Dissolved Organic Matter
Dispersivity in all Layers
Decay Rate in all layers
Initial concentration in all layers
Temperature
Bottom Boundary Condition
Underlying Porewater Concentration
Upper Boundary Mass Transfer Coefficient
Overlying Water Concentration
Sand Layer Porosity
Sand Layer Bulk Density
Depth of Breakthrough

2
Sand
No
365
0 mg/L
1 cm
0 /yr
0 ppb
25 deg C
Constant Concentration
1000 ppb
0 cm/hr
0 ppb
0.5
1.5 g/mL
10 cm

Table 5.1 – Constants for all breakthrough model runs
Additionally a model was run for a conventional sand capping scenario. Here Kd
for Sand was 1 L/kg, 1 L/kg, and 5 L/kg for benzene, chlorobenzene, and naphthlene as a
batch test with silica sand indicated. For the activated carbon the Freundlich parameters
are reported here again as these are what was input into the model. In this case the
density of the mixed cap layers is 1/15 the density which it is on its own because 15 is the
ratio of the mixed cap height to the thin cap height. The density has this impact because
along with partitioning coefficient the bulk density determines the retardation factor.
Here again the effect of the sand in the mixed capping layers is neglected.

55

Benzene

Chlorobenzene

Naphthalene

Mixed

Thin

Mixed

Thin

Mixed

Thin

Sand Kd for PM199 Runs (L/kg)

1

1

1

1

1

1

Sand Thickness
(cm)

15

29

15

29

15

29

Diffusivity (cm2/s)

1.1e-5

1.1e-5

9.1e-6

9.1e-6

6e-6

6e-6

PM199 Thickness
(cm)

15

1

15

1

15

1

PM199 Porosity (-)

0.5

0.66

0.5

0.66

0.5

0.66

PM199 Density
(g/mL)

.0567

.85

.0567

.85

.0567

.85

PM199 Kd (L/kg)

100

100

410

410

2020

2020

Sand K (on AC
runs)

10

10

10

10

10

10

AC Thickness
(cm)

15

1

15

1

15

1

AC Porosity (-)

0.5

0.5

0.5

0.5

0.5

0.5

AC Density
(g/mL)

0.0347

0.5200

0.0347

0.5200

0.0347

0.5200

AC KF
(ug/kg)/(ug/L)n

1. 29E6

1. 29E6

12.9E6

12.9E6

34.7E6

34.7E6

AC n (-)

0.39

0.39

0.27

0.27

0.21

0.21

Table 5.2 – Variable parameters for model runs
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Sand ‐ Naph
Sand ‐ ClBz
Sand ‐ Bz
0.0

0.2

0.4

0.6

0.8

1.0

PM199 ‐ Naph
PM199 ‐ ClBz
PM199 ‐ Bz
0

1

2

3

4

5

6

7

175

200

8

AC ‐ Naph
AC ‐ ClBz
AC ‐ Bz
0

25

50

75

100

125

150

225

Time (years) from cap installation to 5% and 95% breakthrough
The dashed lines indicates the mixed cap while the solid line is the thin cap

Figure 5.1 – Summary of breakthrough start times and duration of breakthrough time for
cap performance modeling
The results of this demonstration can be seen in Figure 5.1, and full breakthrough
curves for each model run can be seen in Appendix E. In Figure 5.1 we can see the
breakthrough times for naphthalene, chlorobenzene, and benzene through the same size
caps of PM-199 and activated carbon respectively. This chart gives an idea of what the
differences in KD will translate to in an actual capping situation. We can see that both
amendments perform much better than plain sand, but that the cap breakthrough zone is
shifted much later for activated carbon compared to PM-199. Initial breakthrough time
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is on the order of 2 orders of magnitude later for activated carbon for both the mixed cap
case and the thin cap case. This means that to achieve a target goal for retention time of a
particular contaminant a similar significantly thicker PM-199 cap could be necessary.
Additionally activated carbon exhibited much sharper breakthrough curves. For all PM199 model runs the length of time from 5 to 95% breakthrough was several times the time
from cap installation until 5% breakthrough; while for activated carbon either the
opposite trend was observed or these lengths of time were equal to each other. It should
also be noted that the underlying porewater concentration utilized in these models is 1
ppm, which is a relatively high dissolved concentration. Because the organoclays exhibit
linear sorption breakthrough time will be independent of influent concentration.
However because activated carbon follows the Freundlich isotherm it’s partitioning
coefficient at is a function of concentration, with higher concentrations leading to lower
partitioning coefficients. So a lower underlying porewater concentration would give an
even longer breakthrough time.
A common trend between these simulations is that the mixed cap consistently
performs better; with more time having passed before 5% breakthrough occurs. The
reason for the shift in the breakthrough curves from one design to the other is due to the
impact of diffusion and dispersion on contaminant transport in the capping. If the active
cap is a thin layer of pure sorbent the contaminant concentration profile will go through a
large reduction over a short length. Because the driving force of molecular diffusion is
concentration differential this sudden spatial concentration reduction will cause an
increase in diffusive flux. Put another way; the length of the mass transfer zone cannot
be longer than the width of the active cap layer so if the cap is retarding contaminants as
it was designed to there will be high concentration below the cap and low concentration
above the cap; enhancing upward diffusion. In the mixed cap case the same mass of
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sorbent is spread over a longer distance and contaminants which move passed the initial
mass transfer zone will not have left the active cap and will still be sorbed. This will
causes a less severe concentration gradient to develop, meaning diffusion will be
minimized, and less contaminant will escape the active capping layer early. Simply put it
is a consequence of the same amount of sorbent being used more effectively.
POREWATER AND SEDIMENT ANALYSIS
Porewater Concentrations
Porewater concentrations of PAHs and PCBs were evaluated at the sites Grand
Calumet, Ottawa River, and Manistique Harbor. The concentration of PAHs was high
enough to be determined by direct analysis of the extruded porewater though these were
sampled in several ways which were discussed in the methods chapter. Results of this
analysis can be found in Figure 5.2 and 5.3.
porewater

of

naphthalene,

fluorene,

Figure 5.3 shows concentrations in

acenaphthene,

phenanathrene,

anthracene,

fluoranthene, and pyrene. Note the difference in y-axis for the Grand Calumet River
porewater versus the other two sites as the Grand Calumet River had much higher
concentrations of the lighter PAHs than Ottawa River and Manistique Harbor.
Additionally several of the high molecular weight PAHs; Chrysene,
benzo[a]anthracene, benzo[b]anthracene benzo[b]fluoranthene, benzo[k]fluoranthene,
benzo[a]pyrene, were below the detection limit at the other two sites but were detected at
Grand Calumet the concentrations of which can be seen in Figure 5.3.
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Figure 5.2 – Concentrations of PAHs in Porewater at Grand Calumet River, Ottawa
River, and Manistique Harbor
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Figure 5.3 – Concentrations of high MW PAHs in Porewater at Grand Calumet
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The relative concentrations attained by the different sampling methods yielded
some variability in the results. Most notably is the lower concentration measured when
the sample was filtered for all compounds in the case of Grand Calumet River. This is
most likely due to the PAHs being associated with particles which were then filtered out
in the case of the filtered samples, but then extracted by the ACN during analysis in the
case of the unfiltered and direct samples. In the case of the high molecular weight PAHs
for the Grand Calumet River, it is unclear why concentrations of PAHs were measured as
higher when unfiltered than when extruded directly into the ACN. A summary of this
analysis in the form of the sum of all measured PAHs can be seen in Figure 5.4. Both
Ottawa River and Manistique Harbor are consistent in analysis between sampling
methods and similar in concentration of total PAHs to each other. Raw data associated
with these analyses can be found in Appendix D.

Total PAHs (ppb)

1000

100

10

Manistiue Harbor
Ottawa River
Grand Calumet River
42.0
8.7

7.1

211.7

9.1

8.0

163.2

7.8

8.0

1
Extruded Filtered

Extruded Unfiltered

Extruded Direct

Figure 5.4 – Summed concentrations of PAHs in Extruded Porewater by several sampling
techniques
For PCB analysis the concentrations of individual congeners were too low to be
analyzed directly. As a result solid phase micro extraction was used to concentrate the
PCBs of the porewater in a sediment slurry to a detectable level as discussed in the
methods chapter. Figure 5.5 provides the concentrations of each of the 10 congeners
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which were analyzed.

For almost all congener concentrations the trend goes as

Manistique Harbor > Grand Calumet River > Ottawa River. In addition to the congeners

Congener Concentration
(ng/L)

analyzed there were many other congener peaks apparent in the chromatograph.
10.000

Manistique Harbor

Ottawa River

Grand Calumet River

1.000
0.100
0.010
0.001
51

101

118

153

141

183

174

177

201

194

Congener Number

Figure 5.5 – Concentrations of 10 PCB congeners in 3 sites porewaters
These congeners were selected as a subset of congeners from the Stanford method
used for the Lake Michigan Mass Balance. They were chosen due to their strong
analytical response factors and because they did not co-elute in the given method with
other congeners.

Congener Number
51
101
118
153
141
183
174
177
201
194
Sum of 10 PCBs

Congener Concentration (ng/L)
Manistique Harbor
Ottawa River
Grand Calumet River
6.640
2.180
4.851
4.143
0.755
3.081
1.304
0.176
0.821
0.823
0.183
0.570
0.211
0.013
0.161
0.121
0.076
0.086
0.121
0.061
0.082
0.062
0.058
0.044
0.024
0.018
0.025
0.043
0.006
0.023
13.5
3.5
26.7

Table 5.3 – PCB Porewater concentrations
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TOC and SUVA
Additionally the dissolved organic carbon (DOC) and specific ultra violet
absorbance (SUVA) of the extruded porewaters was measured, and the results can be
seen in Table 5.4.

As mentioned previously a high DOC indicates the presence

compounds which may or may not interfere with sorption. A higher SUVA indicates that
the DOC which is present has a high percentage of humic acids which are the dissolved
compounds most associated with adversely impacting sorption.
Ottawa River
Grand Calumet River
Manistique Harbor

DOC (mg/L)
41.1
34.7
45.8

SUVA (L/mg*m)
1.1
0.9
1.7

Table 5.4 – DOC and SUVA porewater from 3 different sites
The higher DOC and SUVA of Manistique Harbor followed by Ottawa River
means that we would expect that matrix effects would be greatest in Manistique Harbor,
followed by Ottawa River, and Grand Calumet River. It has been suggested that SUVA
less than 2 is associated with lower molecular weight organics while SUVA greater than
2 is dominated by fulvic and humic acids (Kitis, Karanfil, and Kilduff 2004). Because
measured SUVA is below 2 and it is likely that the porewaters contain a low fraction of
humic substances and therefore the NOM may not less of an impact on sorption than
some have reported. Sharma (2008) analyzed porewaters from 5 different locations and
measured DOC and UV254. SUVA calculated for these five sites is 11.9, 1.5, 2.2, 2.1,
and 3.3. With the exception of the first value (which is greatly higher and associated with
the Hudson River) the values are in general slightly higher than my measured values.
The slightly lower values of SUVA which I measured could be due to site variability of
the few sites compared or it could be due to the fact that Sharma centrifuged sediments to
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obtain porewater while in this study porewaters were extruded and filtered which could
be a source of loss for Humic and Fulvic acids.
Sediment Concentrations
Solvent extractions were performed on sediments in triplicate as discussed in the
methods chapter. These were then analyzed for the primary contaminant of interest of
that site; that is PAHs for Grand Calumet River which can be seen in Table 5.5, and
PCBs for Manistique Harbor and Ottawa River which can be found in Table 5.6.
Manistique Harbor has a much greater PCB concentration for all congeners which agrees
with the results of the porewater analysis, and again many more peaks associated with
other PCB congeners were apparent in chromatographs.

PCB51
PCB101
PCB118
PCB153
PCB141
PCB183
PCB174
PCB177
PCB201
PCB194
Sum 10 PCBs

Concentration (ug/kg)
Ottawa River
Manistique Harbor
186.2
493.7
290.9
1134.8
276.4
1126.4
314.3
647.4
53.2
76.0
131.3
243.6
97.7
317.5
72.4
248.0
79.5
71.1
85.2
5131.7
1587
9490

Table 5.5 – Concentrations of 10 PCBs at Manistique Harbor and Ottawa River
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Naphthalene
Acenaphthalene
Fluorene
Acenaphene
Phenanthrene
Anthracene
Fluoranthene
Pyrene
Chrysene
B[a]A
B[b]F
B[k]F
B[a]P
Total PAHs

Concentration (mg/kg)
Grand Calumet River
1287.3
1289.8
2026.0
3933.7
2299.1
555.0
1128.2
1130.6
237.8
355.0
421.1
141.2
277.8
15083

Table 5.6 - Concentrations of PAHs at Grand Calumet River
PCB SORPTION
Because all of the three sites under investigation have PCB contamination it was
desirable to see the relative degree of sorption between a range of PCB congeners and the
other organic contaminants which were investigated more extensively. DI water was
used because it was more reasonable to obtain the volumes required for these batch tests
which require a low sorbent concentration and because of the increased certainty of
working with DI water. These PCB sorption tests were conducted in two week long
batch tests in DI water for the materials which were chosen for further investigation. The
PCBs investigated were numbers 28, a 3 chlorine PCB with 1 Ortho chlorine (Log Kow =
5.67); PCB 52, a 4 chlorine PCB with 2 Ortho chlorines (Log Kow =5.84); and PCB 101,
a 5 chlorine PCB with 2 Ortho chlorines (Log Kow =6.38) . As in the above instances a
linear isotherm was used to describe sorption to PM-199 while a Freundlich isotherm was
used to describe sorption to activated carbon. These can be seen in Figures 5.6 and 5.7.
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Figure 5.6 – Sorption of 3 PCBs onto PM-199 Organoclay.
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Figure 5.7 – Sorption of 3 PCBs onto Activated Carbon
Table 5.7 summarizes the above data. It indicates that relative to naphthalene;
PCBs exhibit an increase in sorption to PM-199 and a decrease in sorption to activated
carbon.

The increase in Kd for the organoclay as you move down the table from

naphthalene through the increasingly chlorinated PCBs is reflective of the increase in
KOW of the compounds. However an opposing trend is observed in activated carbon if
looking at KF. The decrease in KF from PCB 28 to PCB 52 could be due to the addition
of one ortho chlorine. This was observed to take place by Sharma (2008) in the review
section when KOW increase from PCB 1 to PCB 52 but KF decreased slightly. This can
be interpreted physically as the decreasing planarity of the PCBs interfering with Van der
Waals interaction at the surface and potentially causing steric hindrances at some
micropores. This however does not explain the further decrease in KF from PCB 52 to
PCB 101. In that case the additional chlorine is not in an ortho position and it would be
expected that KF would increase significantly. Additionally the results here are much
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lower than those reported by Sharma. So while these phenomena could be taking place it
appears that these data may not reflect steady state sorption.

Activated Carbon

PM-199

Log Kow A,B

Log KF

n

KD

Naphthalene

7.54

.21

1090

3.34

PCB 28

6.71

.29

141500

5.67

PCB 52

6.15

.26

123100

5.84

PCB 101

5.62

.40

231800

6.38

Table 5.7 – Comparison of the sorption behavior of 3 PCBs and Naphthalene to
Activated Carbon and PM-199.
POREWATER BATCH TESTS
Porewater batch tests were conducted with porewater extruded from the three
sites as discussed in the materials section. These batch tests were conducted with the
selected materials to check the impacts of matrix effects on sorption of the contaminants
of concerns for the three sites. Three PAHs were chosen as representative hydrophobic
organic compounds and included naphthalene, phenanthrene, and pyrene.
CETCO PM-199
Again the PM-199 is represented as exhibiting linear isotherm behavior indicating
that sorption is due primarily to partitioning. Figure 5.8 shows sorption of naphthalene to
PM-199 for each of the three sites. This gives partitioning coefficients of 1730 L/kg,
2050 L/kg, and 3150 L/kg; for Manistique Harbor, Grand Calumet River, and Ottawa
River pore waters respectively. This compares to 3030 L/kg, the partitioning coefficient
which was observed in distilled water.
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Figure 5.8 – Sorption of Naphthalene to Cetco PM-199 in three site porewaters
We also note that there is high variability associated with the naphthalene data.
This is likely because sorption of these three PAHs was carried out in the same tests and
so the batches were run with low sorbent concentrations to ensure that there would be
detectable levels of phenanthrene and pyrene at equilibrium. As a result there was little
reduction in naphthalene; approximately 30–40% percent reduction from the blank
concentration compared with >95% reduction for phenanthrene and pyrene. When using
the blank correction and there is a small difference in concentration between the sample
and the blank; variability associated with the method will become more significant which
we believe is the case here. For Ottawa River only two points are reported because the
3rd batch with the lowest sorbent concentration saw no reduction in naphthalene
concentration. Additionally; less precautions were taken to minimize volatile losses in
these tests compared to the DI batch sorption tests which could have led to some of the
variability in the results.
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For Phenanthrene the partitioning coefficients are 141100 L/kg, 256500 kg/L, and
93500 kg/L for Manistique Harbor, Grand Calumet River, and Ottawa River pore waters
respectively; while for pyrene they are 909600 kg/L, 317700 kg/L, and 193700 kg/L.
These can be seen in Figures 5.9 and 5.10. It should be noted that for naphthalene and
phenanthrene batch tests the concentrations were high enough for the contaminant
concentrations to be analyzed by direct injection. For pyrene however, SPME analysis of
decanted batch supernatant as described in the SPME section of chapter 3 was used to

Q (ug/mg)

determine the contaminant concentration.
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Figure 5.9 – Sorption of Phenanthrene to Cetco PM-199 in three site porewaters
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Figure 5.10 – Sorption of Pyrene to Cetco PM-199 in three site porewaters
A summary of the batch test results for PM-199 can be seen in Table 5.8. Due to
the time required to extrude porewater and the volume required for these very
hydrophobic compounds, no replicates were run so there is no way to attach a variance to
the points. So the only way to assess the statistical significance of the isotherms is with
the R2 given by the isotherm fits. Some of these seem to indicate that the fit is alright
while some seem to be controlled by outliers.

In general the data associated with

Naphthalene seems to be pretty variable potentially due to volatile losses, while the
linearity of the isotherms improves with phenanthrene and pyrene. Comparison on the
naphthalene sorption tests in DI water to the sorption tests with the site waters indicates
that there could be some reduction in sorbent effectiveness at the Manistique harbor and
Grand Calumet sites thought this is speculative with the limited data set. It is notable that
for each of the three PAHs there is variability in partitioning coefficient with the different
site porewaters but there is no consistent pattern of the same sites always being associated
with the highest or lowest partitioning coefficients. Therefore with this data I can’t draw
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any conclusion between factors such as SUVA or DOC and impact to Kd when the
sorbent is exposed to the contaminant and natural organic matter simultaneously.
Naphthalene

Phenanthrene

Pyrene

SUVA (L/mg*m)

Manistique Harbor
Porewater

1730

141100

909600

1.7

Grand Calumet
Porewater

2050

256500

317700

0.9

Ottawa
River Porewater

3150

93500

193700

1.1

Distilled Water

3030

Table 5.8 – Summary of partitioning coefficients (L/kg) obtained from porewater batch
tests of Cetco PM-199 Organoclay and SUVA (L/mg*m)
The values of Kow and measured the measured Kd for PM-199 has consistently
showed a proportional relationship throughout distilled water and porewater batch tests.
Here Kd obtained for PM-199 for all tests is plotted against KOW for that compound on a
log-log scale which can be seen in Figure 5.11. Benzene, chlorobenzene, and the PAHs
exhibit a linear relationship. Batch testing of three PCB congeners in DI water also
showed a positive correlation between Kow and Kd though values of Kd were lower than
would be expected based on the relation observed for the other compounds.
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Figure 5.11 – Comparison between Kd and KOW for PM-199
Activated Carbon
The same tests were repeated for activated carbon which was again fit with the
linearization of the Freundlich isotherm; though below they are shown with a linear scale
to aid in interpretation. For these tests all contaminants were analyzed by direct injection
as the concentrations were not low enough to necessitate SPME for concentration.
Results for Grand Calumet, Manistique Harbor, and Ottawa River can be seen in Figure
5.12, 5.13, and 5.14.
For naphthalene the fits for Ottawa River and Manistique Harbor appear quite
relatively consistent to each other. Further they are relatively consistent to what was
determined for in DI sorption tests as that had a KF of 34.4 and an N of .21. In this case
the Manistique harbor data is fit with a lower KF but a higher n; while for Ottawa River
the trend is opposite. This is a problem with fitting so few points to a Freundlich
isotherm, that small variation in one point can change KF and n significantly. For the
Grand Calumet River two of the points appear to be pretty consistent while the third point
seems to be an outlier which skews the isotherm fit. Similar situations where one of the
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three points for a site is a relative outlier to the rest of the data can be seen fir Manistique
Harbor and Grand Calumet River for phenanthrene and pyrene.
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Figure 5.12 – Sorption of Naphthalene to granular activated carbon in three site
porewaters
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Figure 5.13 – Sorption of Phenanthrene to granular activated carbon in three site
porewaters
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Figure 5.14 – Sorption pyrene to granular activated carbon in three site porewaters
A summary of the Freundlich parameters can be found in Table 5.9. Log KF for a
given PAH did not vary much with the different sites and log KF for naphthalene in
distilled water was not significantly different from the porewaters; being 7.54 in distilled
water, and 7.68, 7.42, and 7.41 in the site porewaters. It is more informative to compare
the log of the effective partition coefficients at a reasonable environmental concentration
as this also take into account the exponent term of the Freundlich isotherm.

For

naphthalene at 5 ppb this was 7.02, 6.90, and 7.09 for Grand Calumet, Manistique
Harbor, and Ottawa River respectively which compares well to 6.99 for the distilled
water batch tests. This indicates that again direct competitive sorption of natural organic
matter had little impact on sorption. Another interesting trend was observed with the
PAHs. For phenanthrene log KF was 6.98, 6.98, and 6.95; while Kd at 5 ppb was 6.57,
6.55, and 6.46. For pyrene log KF was 6.11, 6.08, and 6.12; while Kd at 5 ppb was 5.67,
5.87, and 5.64 for Grand Calumet, Manistique harbor, and Ottawa River. This shows the
decreasing trend in partitioning with increasing PAH size which was shown by Ahn
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(2004). This could be an effect of pore size distribution of the activated carbon or due to
competitive matrix effects. However since sorption is so much lower in our results than
in the results of Luthy (1984) and Ahn (2005) it indicates that there may be a kinetic
limitation and these results may not represent steady state conditions.
Activated Carbon
Log KF

n

Log Kd at
5 ppb

Naphthalene

Grand Calumet
Manistique Harbor
Ottawa River
Distilled Water
Luthy (1984)

1,730
2,050
3,150
3,030

7.42
7.41
7.68
7.54
7.15

0.43
0.27
0.16
0.21
0.430

7.02
6.90
7.09
6.99
6.75

3.34

Phenanthrene

Log Kow

Kd

Grand Calumet
Manistique Harbor
Ottawa River
Luthy (1984)
Ahn (2005)

141,100
256,500
93,500

6.98
6.95
6.98
7.22
7.76

0.41
0.43
0.25
0.406
0.21

6.57
6.55
6.46
6.80
7.21

4.52

Pyrene

PM‐199

Grand Calumet
Manistique Harbor
Ottawa River
Luthy (1984)
Ahn (2005)

909,600
317,700
193,700

6.08
6.12
6.11
7.43
7.38

0.42
0.64
0.33
0.386
0.31

5.67
5.87
5.64
7.00
6.90

5.08

Table 5.9 – Summary of Porewater Batch Tests
The matrix effects of porewater on naphthalene sorption shows little change in
effective Kd at 5 ppb. One possibility is that the dissolved organic carbon of our water is
not primarily made up of humic or fulvic acids as discussed in the section on SUVA
characterization of the porewater, and so the organic matter is not of the quality which
impacts activated carbon sorption. Another possibility is that because our batches were
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not pre-exposed to the porewaters before contaminant addition; contaminant sorption
happened before natural DOC could block the pores.
Preloading Sorption Tests
To further investigate the impact of natural organic matter preexposure to the
sorbents a spot check was performed in four different scenarios; preloaded activated
carbon, preloaded PM-199, fresh activated carbon, and fresh PM-199. Additionally a
blank was run. In the preloaded case the sorbent was exposed to the porewater for 1
week prior to spiking with the contaminant, while in the fresh sorbent was added to the
porewater immediately before contaminant spiking. Again this was done for each of the
3 sites. The results can be seen in Table 5.10 and the full calculation can be seen at the
end of Appendix C.
Phenanthrene
Q for
Q for
Fresh
Preloaded Reduction
Sorbent
Sorbent
(ug/mg)
(ug/mg)
%

Q for
Fresh
Sorbent
(ug/mg)

Pyrene
Q for
Preloaded
Sorbent
(ug/mg)

Reduction
%

PM‐199

GC
OR
MH

4.15
5.58
5.47

4.14
5.61
5.52

0.2%
‐0.4%
‐1.0%

0.24
0.27
0.26

0.24
0.28
0.26

0.5%
‐1.3%
0.0%

Activated
Carbon

GC
OR
MH

11.60
21.21
14.78

6.47
17.29
8.25

44.2%
18.5%
44.2%

0.61
0.99
0.67

0.46
0.88
0.38

24.1%
10.4%
42.7%

Table 5.10 – Impact of preloading sorbent with natural organic matter from site
porewaters
In these batches Q was calculated with both the preloaded sorbent batch and the
fresh sorbent batch.

Then the percentage reduction in Q due to preloading was

calculated. The batches also contained naphthalene though these results are not reported
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in Table 5.10 as due to the experimental design very little sorption was observed and so
the variability was high though this data can be seen in Appendix C. We see that for PM199 the impact due to pre-exposure plus or minus about 1% indicating that organic
“fouling” of an organoclay within a cap would have little impact on its performance.
However, there is a consistent reduction is the amount of the contaminants which the
activated carbon was able to sorb. Furthermore the general trend of impact due to
porewater exposure is Manistique Harbor > Grand Calumet > Ottawa River. This is the
same trend which was measured for DOC and SUVA for these porewaters indicating that
the humic/fulvic acids are the primary source of this impact.

78

Chapter 6: Conclusion
In this study several capping components were evaluated for their effectiveness as
sorbents of dissolved organic contaminants for potential as active sediment cap
amendments. This included investigating sorption behavior in distilled water for all
materials and in porewater for some materials as an assessment of baseline sorption and
the impacts due to the presence of naturally occurring dissolved organics. Parameters
from these batch tests was used in CapSim© modeling to demonstrate the relative
effectiveness of different materials in reducing contaminant transport when subjected to
the same environments. The porewater and sediment concentrations of the contaminants
of concern were also measured at these sites.
An Alumina Pillared Montmorillonite (Al Pillared MMT) was investigated in the
DI batch tests and showed little promise as a sorbent of the dissolved organic
contaminants benzene, chlorobenzene, and naphthalene. In one batch unmodified clay
was tested for comparison. The resulting partitioning coefficients for Al Pillared MMT
were between 2 and 5 times higher than the unmodified clay, likely due to an increased
available surface area. Maximum partitioning coefficients attained were 5.6 L/kg, 6.3
L/kg, and 28 L/kg for benzene, chlorobenzene, and naphthalene respectively to the AlPillared MMT; and 1.4 L/kg, 4.3 L/kg, and 5.0 L/kg for the natural clay. The results
showed a positive relation between equilibrium dissolved contaminant concentration and
calculated partitioning coefficient, i.e. Freundlich behavior with n>1, indicating that
adsorption of these compounds to the clays surface is very weak.
Though organoclays are generally used in applications where NAPL is present
they are also able to sorb dissolved organics which was the purpose of this investigation.
Two organophilic clays; CETCO PM-199 Organoclay and a lab produced
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Dimethyldioctadecylammonium modified montmorillonite (DMDODA-MMT), were
investigated.

For PM-199 the organic modifier is a class of organic cations

(di“hydrogenated-tallow”dimethylammoniums)

and

bentonite

is

the

base

clay.

DMDODA-MMT uses a different base clay and the organic modifier is a specific
member of the class of cations which modify PM-199. Relatively little difference was
seen in the measured partitioning coefficients for benzene, chlorobenzne, and
naphthalene between these two materials; with differences within a factor of 2 for each of
these contaminants. Exact numbers are 80 L/kg, 410 L/kg, and 3030 L/kg for benzene,
chlorobenzene, and naphthalene respectively for CETCO PM-199; and 49 L/kg, 222
L/kg, and 2070 L/kg for the laboratory produced clay. These values range from PM-199
being 50% to 80% greater than DMDODA-MMT indicating that this may be tied to a
greater mass of organic modifier being amended to PM-199.

This indicates that

preciseness of a certain species of organic modifier and the type of base clay type may
not be very important parameters in determining partitioning coefficients for long chain
organoclays especially compared with organoclay properties which have been shown to
impact partitioning such as foc of the organoclay.
PM-199 was chosen for further investigation.

Partitioning of naphthalene,

phenanthrene, and pyrene was measured in porewaters from the three sites. There was
variability in the partitioning for these sites though the sites with relative reductions in
sorption did not correlate with the measured DOC and SUVA for the three sites. This
indicates that competitive sorption of background dissolved organics may not have
significant impact on sorption of the contaminants compared to other factors.
Additionally another set of batch tests was run to investigate the impact of longer term
exposure to porewater. In this test one batch had sorbent exposed to porewater for 1
week before addition of the contaminant (preloaded) while in another the sorbent was
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exposed to the porewater and the contaminant simultaneously. This showed that there
was little difference in sorption between PM-199 which had been preloaded and PM-199
which hadn’t been indicating that blinding of the organic phase by natural organic matter
or humic substances is not significantly impacting sorption. Even with preloading there
was little impact of background dissolved organics on organoclay performance.
Also for PM-199 Kow and Kd consistently showed a proportional relationship.
When only considering benzene, chlorobenzene, and the PAHs there is good fit to the
relationship Log Kd=(1.30)*Log Kow-(.92). However PCBs exhibit values of Kd about 1
to 2 orders of magnitude lower than this relationship predicts.
Several carbonaceous materials were also investigated.

Rice husk char was

investigated in one batch for sorption of benzene, chlorobenzene, and naphthalene, and
showed promise as a low cost alternative activated carbon. From the one batch which
was run the Freundlich coefficient KF was estimated to be approximately 2 orders of
magnitude lower than activated carbon but at approximately one-third to one-half the
cost. If just organics are considered the reduced cost alone may not make the rice husk
char a competitive alternative. However, at sites with combinations of heavy metal and
organic contamination, rice husk char shows great promise due to extensive literature
showing effective sorption of metals by this material. One potential problem rice husk
char was not observed to settle readily due to its low density and flakey nature which
could be a problem for effective deployment of this material.
Sorption of the organics to Fe/Pd/GAC was investigated in several batch tests.
While this is a reactive material it was concluded that any degradation taking place in the
batch tests is probably minimal in comparison to sorption. Reasons for minimal sorption
were probably due to exposure of the material to the atmosphere and the low sorbent to
water ratios used. With this conclusion it was shown that adsorption to this material is
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considerably less than adsorption to standard activated carbon.

The reason that

Fe/Pd/GAC showed significantly reduced sorption could be partly due to differences in
specific surface area, pore size distribution, and surface chemistry of the base activated
carbon used but it would see that the reduction is primarily related to the presence of the
metal nanoparticles over a percentage of the surface.

Values of Log Kf (in

(ug/kg)/(ug/L)^n) are 6.11, 7.11, and 7.54 for benzene, chlorobenzene, and naphthalene
respectively for conventional activated carbon; and 4.53, 5.47, and 5.22 for Fe/Pd/GAC.
Values of n are .39, .27, and .21 for conventional activated carbon; and .40, .31, and .63
for Fe/Pd/GAC. Bimetallics show great potential as reactive amendments to sorbents, but
due to their degradation over time in even slightly oxidizing conditions and their apparent
adverse impact on sorption there are issues which must be overcome before these can
possibly see application.
Activated carbon was investigated further.

As with PM-199, sorption of

naphthalene, phenanthrene, and pyrene were investigated in the porewaters from the three
sites. Log KF for a given PAH did not vary much with the different sites and log KF for
naphthalene in distilled water was not significantly different from the porewaters. Based
on the Freundlich parameters the effective partitioning coefficient at 5 ppb was
calculuated for each site and used in comparison as it takes into account KF and n. For
naphthalene Log Kd at 5 ppb was 7.02, 6.90, and 7.09 for Grand Calumet, Manistique
Harbor, and Ottawa River respectively which compares well to 6.99 for the distilled
water batch tests. This indicates that again direct competitive sorption of natural organic
matter had little impact on sorption. For phenanthrene while Log Kd at 5 ppb was 6.57,
6.55, and 6.46; and while for pyrene it was 5.67, 5.87, and 5.64 for Grand Calumet,
Manistique harbor, and Ottawa River. Since sorption is so much lower in our results than
in the results of Luthy and Ahn it indicates that there may be a kinetic limitation and
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these results may not represent steady state conditions for phenanthrene and pyrene. This
illustrates a trend in which partitioning decreases with increasing PAH size which is also
seen for the PCBs and increasing chlorination. For PCBs 28, 52, and 101 (3, 4, and 5
chlorines) log KF is 6.71, 6.15, and 5.62. Because these values are much lower than those
reported by Sharma (2008) it is likely that there was also a kinetic limitation.
The preloading test did show a significant impact of approximately 20% to 40%
reduction in amount of PAHs sorbed due to longer term exposure of the sorbent to the
porewater. The impact was greatest for Manistique Harbor and less for Ottawa River and
Grand Calumet which agrees with. Because SUVA was highest at Manistique Harbor
this indicates that Humic and Fulvic acids may be the primary source of this. Even if
these batches were not a steady state upon being sacrificed these results indicates that the
longer exposure of activated carbon to porewater inhibits sorption of PAHs to activated
Carbon.
In general for dissolved organics the trend in strength of sorbents has been
granular activated carbon > Fe/Pd/GAC > rice husk char > organophilic clay > pillared
clay. A caveat is that the sorption of organopilic clays increases more significantly with
increasing hydrophobicity than the increase for activated carbon. For example; using the
relationship between Kow and Kd observed for PM-199, and the values reported by Luthy
(1984) we see that from naphthalene to phenanthrene Log Kd increases by 1.53 for PM199 but only by 0.05 for activated carbon. While it is still a less effective sorbent, this
shows that organophilic clays become more relevant for higher molecular weight
compounds. Additionally, it is important to mention that while it is not the focus of this
work organophilic clays are still the dominant method for containment of NAPL in which
case they show various advantages over activated carbon.
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Sediment capping simulations were performed for activated carbon and PM-199
to relate measured sorbent properties to potential performance in an actual capping
situation. Simulations were run with two different cap configurations; a thin pure sorbent
cap and a thick mixed cap. The first thing to note from the sediment cap simulations is
the difference between thin caps in which 1 cm of sorbent is topped with 29 cm of sand;
and mixed caps which contained the same mass of sorbent is mixed with 15 cm of sand
and topped with 15 cm of pure sand. The simulations showed that mixed cap layers
could offer an advantage over thin caps as break through times were later for the mixed
cases in for both sorbents. The theoretical reasons for this were discussed in greater
detail, but essentially a lower diffusive gradient exists in the mixed cap which slows
contaminant migration through the cap and allows the sorbent to be used more
effectively. From a practical standpoint a mixed cap is statistically less likely to contain
holes or thin spots in the active cap layer. Also a mixed cap could contain multiple types
of active capping components with different functionalities.

This could allow a

thinner/simpler cap to be applied to a sediment containing contaminants of varying
properties which are better mitigated by different materials.
Sediment cap simulations indicated that organoclays are not very effective at
retarding the transport of lower molecular weight compounds. Under the same thickness
cap and same environmental situations activated carbon displayed a much longer
breakthrough time. Taking the mixed cap scenario as an example; between PM-199 and
activated carbon the start of the breakthrough curve (defined as the time when 5% of
underlying concentration has broken through) for benzene went from .4 to 22 years,
chlorobenzene went from 1.6 to 102 years, and Naphthalene went from 7.6 to 186 years.
With that there are some limitations to this data worth mentioning. First and
foremost
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As stated at the outset; there is no single answer to the question of contaminated
sediment remediation due to complexities unique to each site. However in this work I
have investigated the potential of active capping components as an in-situ treatment for
dissolved organic contaminants. Activated carbon and Organophilic clays are potential
options for this application while novel materials such as rice husk char may play a future
role.
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Appendix A – Standard Curves
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Appendix E – Sediment Cap Modeling
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