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ABSTRACT
PCBs are recalcitrant compounds of no known natural origin that persist in the environment
despite their ban by the United States Environmental Protection Agency in 1979 due to negative
health effects. Transport of PCBs from elastic sealants into concrete, brick, and granite structures
has resulted in the need for a technology capable of removing these PCBs from the materials.
This research investigated the use of a nonmetal treatment system (NMTS) and an activated
metal treatment system (AMTS) for the remediation and degradation of PCBs from concrete,
brick, and granite affixed with PCB-laden caulking. The adsorption of PCBs onto the
components of concrete and the feasibility of ethanol washing were also investigated.
NMTS is a sorbent paste containing ethanol, acetic acid, and fillers that was developed at the
University of Central Florida Environmental Chemistry Laboratory for the in situ remediation of
PCBs. Combining NMTS with magnesium results in an activated treatment system used for
reductive dechlorination of PCBs. NMTS was applied to laboratory-prepared concrete as well as
field samples by direct contact as well as by a novel sock-type delivery. The remediation of
PCBs from field samples using NMTS and AMTS resulted in a 33-98% reduction for concrete, a
65-70% reduction for brick, and an 89% reduction in PCB concentration for granite. The limit of
NMTS for absorption of Aroclor 1254 was found to be roughly 22,000 mg Aroclor 1254 per kg
of treatment system or greater. The activated treatment system resulted in a 94% or greater
degradation of PCBs after seven days with the majority of degradation occurring in the first 24
hours. The adsorption of PCBs to individual concrete components (hydrated cement, sand,
crushed limestone, and crushed granite) was found to follow the Freundlich isotherm model with
greater adsorption to crushed limestone and crushed granite compared to hydrated cement and
iii

sand. Ethanol washing was shown to decrease the concentration of laboratory-prepared concrete
by 68% and the concentration of PCBs in the ethanol wash were reduced by 77% via degradation
with an activated magnesium system.
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CHAPTER 1: AN INTRODUCTION TO PCBs AND THEIR TRANSFER
INTO CONCRETE AND OTHER POROUS MATERIALS
1.1. Polychlorinated Biphenyls
Polychlorinated biphenyls (PCBs) are a class of synthetic compounds produced in the
United States from 1929 to 1979. Situated on the biphenyl backbone may be one to ten chlorine
atoms, resulting in 209 different molecules commonly referred to as congeners (Figure 1.1).1
Originally manufactured for their electrical insulating and flame-resistant properties, PCBs were
used in electrical equipment in public buildings such as schools, hospitals, and offices (often as a
requirement by insurance companies and for compliance with city codes).2 PCBs were also used
as stabilizers for paints, oils, adhesives, and joint sealants (caulking) as well as in the
manufacturing of carbonless copy paper.1,2 The largest producer of PCBs, Monsanto
Corporation, sold complex mixtures of up to 100 congeners3 under the trade name Aroclor.
Synthesized in a batch process via direct chlorination of biphenyl by chlorine gas with an iron
chloride catalyst at elevated temperatures, the degree of chlorination of Aroclors are controlled
by the reaction time. The average homolog compositions of the three of the most commonly
encountered Aroclors in the environment are summarized in Table 1.1.1

Figure 1.1: General PCB structure (x + y = 1 to 10).

1

Table 1.1: Average composition of common Aroclors (weight percent).
Number of
Chlorine Atoms

Aroclor 1248

Aroclor 1254

Aroclor 1260

1

---

---

---

2

1

---

---

3

22

1

---

4

49

15

---

5

27

53

12

6

2

26

42

7

---

4

38

8

---

---

7

9

---

---

1

1.1.1. Properties and Impacts of PCBs
While the physical and chemical properties of PCBs vary by congener, in general they
have low water solubility (in the parts-per-million to parts-per-trillion range) and high octanolwater coefficients resulting in sorption to the organic portion of soils and sediments. PCBs also
have high boiling points (above 200 °C), low vapor pressures, and are soluble in most organic
solvents. Individual congeners are colorless and odorless crystals whereas Aroclors are clear
viscous liquids. PCBs are considered to be semi-volatile and are chemically and thermally
stable.1,4
The widespread use of PCBs in the twentieth century has led to global contamination due
to long-range atmospheric transport.5-7 The stability of PCBs has led to their persistence in
environment and their lipophilic nature has led to bioaccumulation and biomagnification.1 PCBs
have entered the environment both intentionally and unintentionally through legal and illegal

2

disposal. PCBs also enter the environment during the use and disposal of contaminated consumer
goods and during the weathering of PCB-laden construction materials.
The negative effects of occupational exposure to PCBs were documented in the United
States in the early 1930s. Workers experienced outbreaks of chloracne leading to the
implementation of workplace exposure limits in 1936.1,2 It was not until the late 1960s when
PCBs were detected in the environment (soil and water) when researchers were testing birds of
prey for the presence of the pesticide DDT.2 In the early 1970s, investigations into the
environmental persistence of PCBs led to the creation of the Toxic Substances Control Act
(TSCA) of 1976 under the United States Code of Federal Regulations (CFR), which regulated
the use and disposal of PCBs.8-10 TSCA also established what is commonly referred to as the
PCB action limit which set the threshold of hazardous PCB solid waste to any material over 50
mg/kg. Current PCB regulations fall under an update to TSCA published in 2007.9
Studies of occupational exposure to PCBs have shown increased cancer risks in some
populations but no increased risk in others.11 It is important to note that the extrapolation of
health risks to humans from animal studies has sparked much debate2 and that studies on the
effects of human exposure are limited to occupational and accidental exposure often times
combined with exposure to other toxic substances.12 The results of animal testing have shown a
variety of health effects from exposure to PCBs including cancers as well as neurological,
reproductive, and immunological effects.4,11 Due to their potential for carcinogenic and noncarcinogenic effects, the United States Environmental Protection Agency (EPA) has classified
PCBs as a probable human carcinogen.11 The toxicity of PCBs is related to their structure; as a
general trend the toxicity increases with an increased degree of chlorination and coplanar,

3

dioxin-like congeners are the most toxic.13 Those congeners lacking chlorine atoms at the ortho
positions and those that only have a single chlorine atom at the ortho position can assume a coplanar conformation similar to 2,3,7,8-tetrachlorodibenzo-p-dioxin (2,3,7,8-TCDD). These
dioxin-like PCB congeners have four or more chlorines at the 3,3’,4,4’,5,5’ positions and a
maximum of one chlorine at the 2,2’,6,6’ ortho positions. PCB 77, 81, 126, and 169 are the nonortho dioxin-like congeners and PCB 105, 114. 118, 123, 156, 157, 167, and 189 are mono-ortho
dioxin-like congeners.4 These congeners can bind to the aryl hydrocarbon receptor in a similar
manner to 2,3,7,8-TCDD, an extremely toxic congener of polychlorinated dibenzodioxins.
Though the effects of PCBs on humans has been debated, the levels of PCBs in the environment1
and in humans2 are declining due to strict regulations and the implementation new remediation
technologies.
1.1.2. Current Remediation Technologies for PCBs
Because of the strict regulations and negative health effects, many technologies have
been investigated for the remediation and destruction of PCBs. But due to their stability, thermal
degradation processes generally require high heat, chemical degradation processes generally
require catalysis, and biodegradation processes occur at a slow rate. While some strategies aim to
remove or stabilize PCBs to minimize the exposure and transport (landfilling and vitrification)14
other technologies aim to destroy PCBs (incineration,15-17 bioremediation,18-21 oxidative
processes,22-24 and reductive processes with the use of bimetals3,25-28). The reduction of PCBs
with the use of zero-valent metals such as iron29-31 and magnesium32 have also been studied for
the reduction of PCBs. The removal of PCBs from contaminated structures using various
treatment technologies has also been investigated.33,34
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1.1.3. PCBs in Building Materials
PCBs were added to elastic joint sealants as plasticizers as part of the manufacturing
process from the 1950s to the 1970s.35 These joint sealants, commonly referred to as caulking,
contained 5-30% by mass of PCBs36 and were commonly used to obtain watertight or airtight
seals around windows, door, and masonry and concrete joints. The widespread use of PCBcontaining joint sealants has led to an overwhelming number of locations capable of being longterm diffuse sources of PCBs. Numerous investigations world-wide have demonstrated the
magnitude of the PCB contamination posed by these sealants. An investigation into joint sealants
in Switzerland in 1999 discovered roughly 4,000 meters of PCB-laden joint sealants in one
building totaling roughly 90 kg of PCBs.37 A survey in 2004 of 24 buildings in Boston,
Massachusetts found that eight contained sealants with PCB concentrations greater than 50
mg/kg.38 In 2005 an investigation of concrete joint sealants in buildings in Switzerland
constructed between 1950 to 1980 (peak production of PCBs in the country) found that of the
1,348 samples collected, 48% of the sealants contained PCBs.35
The mobility of PCBs from elastic sealants into the surroundings has been widely
studied36,39,40 including migration from caulking used for concrete joints in buildings,41 in
drinking water reservoirs,42 and from concrete coatings used in grain silos.43 PCBs from these
sealants have also shown to move into the surrounding materials as well as the air.38,44 An
investigation in 2005 of soils around 11 buildings in Finland (whose PCB-containing sealants
had been replaced with PCB-free sealants in the 1990s) showed PCBs in the soil.36 In 2007 an
investigation into buildings containing undisturbed PCB-laden caulking materials in Boston
showed PCBs in the soil indicating that mobility of PCBs does not only occur during removal of
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the sealants, but that the mobility of the PCBs also takes place over time due to weathering.39
The leaching of PCBs from the sealants investigated in Boston was also tested according to EPA
Method 1311 (Toxic Characteristic Leaching Procedure).45 The concentrations in aqueous
leachate extracts from the caulking were found to exceeded the solubility of PCBs in water
indicating that PCBs may complex with dissolved organic material and migrate from the
sealant.39 In response to the public concern of PCB-laden caulking in schools and other public
buildings, the EPA has established cleanup requirements (in alignment with TSCA) for materials
with PCB concentrations over 50 mg/kg.44
1.1.4. Current Remediation Technologies for PCBs in Concrete
Current remediation technologies for PCB contaminated concrete fall under three
categories: removal, containment, and in situ remediation. Removal of PCB-laden concrete can
be achieved through two main routes: the entire structure may be demolished or the surface of
the concrete can be removed via scarification or grinding. The removal of contaminated concrete
by means of grinding or scarification leaves the structure intact, the contaminated materials are
then sent to an appropriate hazardous waste landfill, and the building is repaired.46,47 PCB
contamination of concrete is often the result of spills or leaking of PCB-laden oils from
machinery. Various coating technologies have been investigated in an effort to immobilize the
spilled PCBs in concrete. Though technologies such as encapsulation with epoxy coatings often
results in bleedback due to capillary rise48, biocontainment of PCBs by microbial carbonate
precipitation has proven to be successful.49 Several in situ remediation technologies have been
investigated for the remediation of PCB-laden concrete. Solvent extraction50,51 and thermal
desorption52 technologies have shown favorable results for the remediation of PCBs from
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concrete floors contaminated from spilled PCB-laden oil. Sacrificial extraction sealants have also
been used for the removal of PCBs from concrete contaminated with PCBs from PCBsealants/caulking.41
1.2. Concrete and Other Porous Building Materials
Due to its strength, resistance to fire, and the ability of concrete to be formed into many
shapes, it is the most commonly used construction material worldwide.53 The first known use of
concrete was around 800 BC when lime mortars were used by the Greeks and Romans.53 Since
that time, many advances have been made in the manufacturing of concrete and in 1824 Joseph
Aspdin patented Portland cement. Named after the limestone found on the Isle of Portland in the
English Channel, Portland cement is the most commonly used cement today.53
1.2.1. Concrete Components: Cement, Aggregates, and Water
The manufacturing of concrete requires three major components: cement, aggregates, and
water. Cement is made from limestone, clay, cement rock, and iron ore finely ground and mixed
in the appropriate proportions to obtain the desired properties of the finalized concrete. The
cement ingredients are mixed in a kiln (1,450-1,650 °C) where they change chemically into what
is known as cement clinker. The composition of Portland clinker (the most commonly used
cement) is typically a mixture of calcium oxides, silicon oxides, aluminum oxides, and iron
oxides. The clinker pellets are then ground into a fine powder and gypsum (which helps to
control setting when the cement is used to form concrete) is added.53,54 The second components
required for the manufacturing of concrete are the aggregates. Because the inclusion of organic
material negatively affects the hydration of cement and leads to concrete of reduced strength by
delaying the setting and hardening processes, inorganic aggregates are used. The choice of
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aggregate is most often determined by the availability nearest to the manufacturing site and the
desired properties of the final concrete.55,56 Aggregate materials are less costly compared to
cement and can account for up to 75% of the weight of concrete. Because dense aggregates
represent a major portion of cement, proper grading and size are crucial to ensure the strength of
the concrete.57
Concrete aggregates are often divided into two categories: dense and lightweight. Dense
aggregates (crushed rock, gravel, and sand) are often obtained from natural deposits in rivers
and/or lakes or mined from quarries. Recycled materials such as brick and concrete may also be
used. Lightweight aggregates (clay, perlite, pumice, and vermiculite) are chosen to regulate the
strength of the concrete as well as increase the sound and thermal insulation.54,57 The third
component of concrete, water, reacts with the cement to form a paste. It is this cement paste that
binds the aggregates together forming the hardened structure called concrete.53
1.2.2. The Hydration Reaction and Concrete Pore Structure
During the formation of concrete, the cement reacts with water in a process known as
hydration. The first step in this process is the dissolution of cement minerals in the water. Once
the solution is supersaturated, solid hydration products begin to form. During this exothermic
process, water reacts with the clinker components tricalcium silicate (3CaO•SiO2), dicalcium
silicate (2CaO•SiO2), tricalcium aluminate (3CaO•Al2O3), and calcium aluminate ferrite
(4CaO•Al2O3•Fe2O3) to form hydrates of varying compositions. During the hydration reaction,
Ca(OH)2 is also produced resulting in a highly alkaline pH (12.5-13.5) for freshly mixed
concrete.53,54,57 If the concrete is properly mixed with the correct proportion of cement, water,
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and aggregates, the cement paste coats every aggregate particle and fills all spaces between the
aggregates.53
The amount of water used in the initial mixing process greatly affects the pore structure
and durability of the concrete. The water-cement ratio (w/c) typically ranges from 0.4 to 0.7 with
low ratios resulting in low-permeability, high-strength concrete used for support columns in
buildings. High w/c are used were light-weight concrete is desired and resistance to water is not
needed.53,56 Proper curing of concrete is also required to minimize permeability.56 This curing
process, which is not simply a drying process, occurs over the first 28 days after the typical
concrete is mixed whereby the cement continues to react with remaining water increasing the
strength of the concrete.53 The evaporation of unreacted water during the curing process results
in an interconnected pore structure.54,58 This connected pore structure affects the permeability
(capacity to transmit fluids) of the concrete and is controlled by the selection of the ratio of water
to cement used during the initial mixing of the concrete components. The permeability of
concrete ultimately affects the transport of gasses, liquids, and chemical species through the pore
structure.
1.2.3. Transport Processes
In porous media, the porosity may be connected or isolated. This isolated porosity does
not contribute to the flow of liquids or gasses through the material. It is only the porosity
continuous to the surface which is of importance to the flow of liquids, gasses, and chemical
species into and through the material. In natural stones such as granite and limestone, the pore
structure is a result of the geochemical process by which smaller rocks are merged to form the
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large natural rock deposits. In bricks and ceramics, the pore structure is a result of the
dehydration of the clay during the firing process.58
Transport through porous materials (such as concrete) is the result of a moisture gradient
and can occur under saturated conditions or unsaturated conditions.58 The mathematical
description of this flow is well studied and is described by Darcy’s Law.54,58,59 The inorganic
nature and open porosity of concrete, brick, and natural stone materials (granite, limestone, etc.)
allow for the spontaneous absorption of water.58 At low relative humidity, any external water
will be adsorbed to the concrete surface due to the hydrophilic nature of the cement hydration
products. The absorbed water can then move freely through the pores by capillary action or be
held within the pore structure until it is released during drying.58 Absorption and capillary action
also allows for the movement of organic solvents, ionic solutions, and the transport of dissolved
chemical species as a result of a concentration gradient.58,59
1.3. Research Objectives
The objective of the research presented was to test a novel NMTS formulation for the in situ
remediation of PCBs from building materials (concrete, brick, and granite). This formulation of
NMTS utilized the absorbent material PowderSorb as well as magnesium for the degradation
PCBs. An alternative delivery method was also investigated for the application of the treatment
system to concrete and the capacity of PowderSorb NMTS to absorb PCBs was tested. An
extended laboratory study for the removal of PCBs from concrete field samples was also
performed. The second objective of this research was to investigate the transport of PCBs from
the concrete into the treatment system by testing the adsorption to and desorption from individual
concrete components. Linear regression to the Freundlich, Langmuir, and Redlich-Peterson
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isotherm models was also tested. The third objective was to test feasibility of ethanol washing for
the remediation of PCBs from bulk concrete demolition waste and included the degradation of
PCBs in the ethanol wash with an activated magnesium system.
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CHAPTER 2: MATERIALS AND METHODS
2.1. Reagents and Materials
2.1.1. Chemicals
PCB congeners and Aroclors were obtained from Accustandard (New Haven, CT).
Toluene (Optima®, 99.95%), hexane (99.9%), concentrated sulfuric acid (98.0%), potassium
permanganate (99.5%), calcium stearate (technical powder), polyethylene glycol (PEG) 8000
(powder), and glycerol (laboratory grade) were obtained from Fisher Scientific (Pittsburg, PA).
Absolute ethanol (USP grade) was obtained from Decon Labs (King of Prussia, PA). Acetic acid
(99.8% purity) and d-limonene (stabilized, 95% purity) were obtained from Acros Organics,
(Morris Plains, NJ). Sodium polyacrylate (granular) was obtained from Aqua Solutions (Deer
Park, TX), microscale magnesium (2-4 µm) was obtained from Heart Metals (Tamaqua, PA).,
and PowderSorb was obtained from Applied Science and Advanced Technologies (Baton Rouge,
LA).
2.1.2. Materials
Nylon filters (0.45 µm pore size) were obtained from Fisher Scientific (Pittsburg, PA).
Glass canning jars, vinyl polymer truck bed coating, aluminum insulation vapor barrier, Titan®
America Portland Cement Type I, and concrete aggregate materials (crushed limestone, crushed
granite, and masonry sand) were purchased commercially.
2.1.3. Field Samples
PCB contaminated building materials were obtained from private sites in Connecticut
(granite, brick, and concrete) and Massachusetts (concrete). The samples obtained from the site
in Connecticut were: one piece of granite (approximately 1 ft x 0.5 ft), two red clay bricks, and
one concrete cinder block, all affixed with PCB-laden caulking. The field samples obtained from
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the private site in Massachusetts were: two building cores comprised of red clay brick, concrete
cinder block, and a concrete pillar. One portion of the concrete pillar was joined to a concrete
cinder block with an elastic sealant and another portion of the concrete pillar was joined to red
clay brick with an elastic sealant.
2.2. Experimental Methods
2.2.1. NMTS Preparation and Activation
Three formulations of non-metal treatment system (NMTS) were used: PowderSorb
NMTS, wet-PowderSorb NMTS (containing additional ethanol), and sodium polyacrylate
NMTS. Specific reagent amounts can be found in Table 2.1. To activate NMTS for PCB
degradation, one gram of a 50/50 mixture of magnesium and glycerol was added for every four
grams of NMTS. Additional ethanol and acetic acid (10% v/v solution) were also added to
activate the magnesium and aid in stirring.
Table 2.1: Percent by mass of reagents for various NMTS formulations.
Reagent

PowderSorb
NMTS (%)

Wet-PowderSorb
NMTS (%)

Sodium Polyacrylate
NMTS (%)

Sorbent

8.5

5.5

11

Calcium Stearate

17

11

11

Glycerol

8.5

5.5

5.5

PEG 8000

8.5

5.5

5.5

Absolute Ethanol

45.5

64

60

d-Limonene

10.7

7.5

6

Acetic Acid

1.3

1

1
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2.2.2. Delivery of NMTS and AMTS to PCB-Laden Building Materials
NMTS and activated metal treatment system (AMTS) were applied using several
methods depending on the type of sample materials treated. Treatment of materials with PCBladen paint has previously been studied via direct contact with sodium polyacrylate NMTS
sealed with vinyl polymer sealants.34 The delivery method referred to as direct contact described
in this work involved applying the NMTS or AMTS directly to the contaminated materials and
covering the treatment system with several coats of vinyl polymer coating or sealing the
treatment system with aluminum vapor barrier and/or aluminum tape. An alternative delivery
method was also studied which involved filling cotton and nylon socks with NMTS. These socks
were then sealed with aluminum tape for the duration of treatment.
2.2.3. Sampling of Building Materials
Concrete, brick, and granite were sampled according to the EPA standard operating
procedure for PCB contaminated porous surfaces.60 An impact hammer drill with a 0.25 inch or
0.50 inch carbide drill bit was used to generate a concrete powder. The drill bit size was chosen
to generate the amount of sample powder needed for extraction, cleanup, and analysis. All drill
depths were from the surface to a depth of 0.50 inches into the material.
2.2.4. Sample Extraction and Cleanup
Extraction of PCBs from solid materials (NMTS/AMTS, concrete, etc.) was
accomplished according to EPA Method 3550C (Ultrasonic Extraction).61 Samples of dried
NMTS/AMTS (1.0 g), drill powder (0.5 g), and caulking (1.0 g) were sonicated for 90 minutes in
five (drill powder and caulking) or ten (NMTS/AMTS) milliliters of ethanol or toluene using a
VWR Scientific Aquasonic Model 750D ultrasound bath. After sonication, samples were
centrifuged and the supernatants were isolated. If ethanol or hexane was used as the extraction
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solvent, a liquid-liquid extraction was performed with equal volumes of toluene and water and
the toluene/PCB solution was subjected to cleanup according to EPA Method 3665 (Sulfuric
Acid/Permanganate Cleanup) with concentrated sulfuric acid and a five percent (w/v) aqueous
potassium permanganate solution.62 All concrete, brick, granite, caulk, NMTS, and AMTS
samples described throughout this work were subjected to the described extraction and cleanup
methods.
2.2.5. Concrete Preparation
Portland Type I cement mix was used to prepare concrete in the laboratory. Per package
directions, one part cement powder was combined with two parts sand and three parts crushed
stone. The amount of water used was 1.4 times the amount of cement powder per package
directions. Curing was performed by lightly wetting the surface with water two to three times a
day for seven days. The curing continued for 21 additional days before treatment with NMTS or
removal from the concrete form. Concrete samples were also prepared in the laboratory which
contained PCB 29, 47, 101, and 182. To incorporate the PCBs into the laboratory-made concrete,
the appropriate proportion of sand needed for concrete preparation was spiked with PCBs in a
minimal amount of ethanol in an aluminum container. The ethanol was allowed to evaporate and
the PCB sand was then incorporated into the concrete with the same volume ratio mentioned
above.
2.2.6. Ethanol Washing
PCBs in the laboratory prepared concrete described above were extracted into ethanol at
ambient conditions on a reciprocating shaker table to test the feasibility of ethanol washing for
PCB remediation. In an 800-mL glass canning jar, 211.78 g of PCB-laden concrete were
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combined with 200 mL of ethanol. Three sequential washes were performed followed by a 90minute sonication. After each wash the ethanol was removes and new ethanol introduced. After
the allotted washing or sonication time, the ethanol was tested for the presence of PCBs via
GC/ECD.
2.2.7. Neat Magnesium Studies
Five milliliters of the first ethanol wash detailed above were exposed to various amounts
of magnesium and acetic acid in an attempt to degrade the PCBs. Specific amounts of
magnesium and acetic acid as well as reaction times and experimental results may be found in
Section 6.2. Following exposure to magnesium, the remaining PCBs were extracted into toluene,
the reaction mixture was filtered using a nylon filter (0.45 µm), and the samples were analyzed
via GC/ECD.
2.2.8. Adsorption Studies
Adsorption studies were performed which involved a three congener PCB solution (PCB
47, 101, and 153) in ethanol. Concrete components (hydrated cement, masonry sand, crushed
limestone, and crushed granite) were tested for their ability to adsorb the aforementioned PCBs.
Twenty-five grams of hydrated cement, crushed limestone, and crushed granite with a size range
of 2.36 – 3.35 mm were used and ten grams of masonry sand with a size range of 150 – 250 µm
were used. The individual concrete materials and PCB solutions were combined in an 8-oz glass
canning jars and contact was allowed for one week at ambient conditions on a reciprocating
shaker table. After the allotted time, the ethanol solutions were tested for remaining PCBs that
were not adsorbed to the concrete components.
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A desorption study was conducted to test the ability of PCBs to desorb from the concrete
materials with the aid of sonication. Again, twenty-five grams of hydrated cement, crushed
limestone, and crushed granite as well as ten grams of masonry sand were combined with an
ethanol/PCB solution in 8-oz glass canning jars. Contact was allowed for one week at ambient
conditions on a reciprocating shaker table. The unopened jars were sonicated for 90 minutes after
which the ethanol solution was analyzed for PCBs.
2.3. Analysis Methods
2.3.1. GC/ECD Analysis
PCBs were analyzed using a PerkinElmer AutoSystem XL gas chromatograph (GC)
equipped with an electron capture detector (ECD) (PerkinElmer, Waltham, MA). PCBs were
separated on a 30 m x 0.25 mm i.d. ZB-5HT capillary column with a 5 m guard and coated with a
0.25-μm film (Phenomenex, Torrance, CA). Injections were performed in splitless mode, helium

was used as the carrier gas with a constant pressure of 15 psi, and nitrogen was used as the ECD
makeup gas with a constant flow of 30 mL/minute. GC oven temperature programming
conditions for single congener and Aroclors are summarized below in Table 2.2. All PCB
quantitation described in this work was accomplished via GC/ECD and duplicate analysis was
performed for all quantitated samples unless otherwise stated.
Table 2.2: Oven temperature program conditions for GC/ECD analysis.
Single Congener & Aroclor 1254

Aroclor 1248

Aroclor 1260

120°C hold 1 min, 30 °C/min to
200 °C, hold 1 min, 3 °C/min to
240 °C, 10 °C/min to 300 °C,
hold 10 min

120°C hold 1 min, 30 °C/min to
150 °C, hold 1 min, 6 °C/min to
240 °C, 10 °C/min to 300 °C,
hold 10 min

120°C hold 1 min,
6 °C/min to 250 °C,
10 °C/min to 300 °C,
hold 5 min
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2.3.2. PCB Quantitation
Quantitation of PCBs was performed according to EPA Method 8082A (Polychlorinated
Biphenyls by Gas Chromatography).63 Decachlorobiphenyl (PCB 209) was used as the internal
standard for GC/ECD quantitation and the unknown concentrations of single PCB congeners were
determined by linear fit to a five point calibration curve (R 2 ≥ 0.99). The determination of unknown
Aroclor concentrations involved the use of a multi-point calibration curve. Five prominent (at least
25% of the height of the largest peak) peaks characteristic of the Aroclor were chosen at five
different concentrations, resulting in a 25 point calibration (R2 ≥ 0.99). Unknown concentrations
were determined by the average linear fit of all five prominent peaks. It is important to note that the
difficulty of PCB quantitation of environmental materials containing Aroclors has been well
documented.1,63
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CHAPTER 3: INITIAL LABORATORY STUDIES FOR THE
REMEDIATION OF PCBs FROM VARIOUS BUILDING MATERIALS
The use of sodium polyacrylate NMTS and sodium polyacrylate AMTS (with Mg/Pd) has
been shown effective for the remediation of various structures contaminated with PCB-laden
paint.34 To expand the scope of this treatment technology and to reduce the cost of production,
initial testing was performed to verify the effectiveness of an alternative absorbent material
(PowderSorb) used to produce the NMTS (PowderSorb NMTS) and the ability of the activated
metal treatment system to degrade PCBs. PowderSorb is a commercially available product
marked by TEA, Inc. for use as an adsorbent to capture and remove oil from spills in water.
Magnesium was tested as an alternative to the bimetal Mg/Pd for the activated PowderSorb
treatment system in an attempt to further reduce the cost of the activated system. Initial testing
was also performed to determine if PowderSorb NMTS and AMTS was capable of removing
PCBs from contaminated building materials (concrete, granite, and red clay brick). The use of an
alternative sock delivery method for the treatment system was also investigated.
3.1. Testing of a Novel NMTS and AMTS Formulation
In an attempt to reduce the cost of NMTS, an alternative absorbent material
(PowderSorb) was utilized to generate the treatment system. To further reduce the cost,
magnesium was also tested as an alternative to Mg/Pd for the degradation of PCBs. For
PowderSorb-Mg AMTS to be a viable alternative to sodium polyacrylate-Mg/Pd AMTS, it must
be able to degrade PCBs, therefore a small-scale vial study was conducted.
NMTS was prepared with PowderSorb and sodium polyacrylate according to the mixing
guideline outlined in Table 2.1. Four grams of each treatment system were spiked with Aroclor
1260 in a 20-mL vial. The treatment systems were then combined with magnesium and acidified
19

ethanol. After the allotted reaction time, the samples were extracted via 90-minute sonication
into toluene. The results for the degradation of Aroclor 1260 with the PowderSorb AMTS and
sodium polyacrylate AMTS are given in Table 3.1 and Figure 3.1.
Table 3.1: Concentration of PCBs in treatment system (mg Aroclor 1260/kg treatment system).
Activation Time

PowderSorb

Sodium Polyacrylate

No Activation (No Mg)

0.1013 ± 0.01279

0.07280 ± 0.007602

1 Day

0.03996 ± 0.02823

0.01612 ± 0.008654

4 Days

Not Detected

Not Detected

After one day of activation, the concentration of Aroclor 1260 in the PowderSorb
treatment system was decreased by 60% and the concentration in the sodium polyacrylate
treatment system was decreased by 71%. PCBs were not detected in either of the treatment
system systems activated for four days. These results indicate that combination of PowderSorb
NMTS with magnesium is an effective alternative to Mg/Pd activated sodium polyacrylate
treatment system in neat (vial) studies at the concentrations investigated.
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Concentration
(mg 1260/kg treatment system)

0.12

PowderSorb

Sodium Polyacrylate

0.10
0.08
0.06

0.04
0.02
0.00
No Mg

1 Day

Figure 3.1: Degradation of Aroclor 1260 with magnesium showed 60% reduction in PCB
concentration in the PowderSorb treatment system and 70% reduction in PCB concentration in
the sodium polyacrylate treatment system after one day. No PCBs were detected in the treatment
systems after four days.
3.2. Testing of PowderSorb NMTS and AMTS for PCB Remediation
Field samples were obtained from a private site in Connecticut. The samples consisted of
one concrete cinder block, one piece of granite, and two red clay bricks. PCB-laden caulking was
affixed to the materials and was the source of PCB contamination for the granite, brick and
concrete. PowderSorb NMTS and PowderSorb AMTS were investigated for their ability to
remediate PCBs from the three types of field samples. Sampling of the cinder block, granite, and
bricks was accomplished by drilling; PCBs were then extracted into toluene.
3.2.1. Connecticut Materials: Initial Sampling
Upon receipt of the field samples, the caulking materials were removed and baseline
sampling was performed. Drill samples were performed down into the materials at the location
where the caulking was removed (Figure 3.2). The baseline sampling of the materials showed
PCB contamination of the concrete (13,573 mg Aroclor 1254/kg concrete), granite (1,362 ±
687.6 mg Aroclor 1254/kg granite), brick 01 (1,040 ± 167.1 mg Aroclor 1254/kg brick), and
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brick 02 (1,195 ± 192.6 mg Aroclor 1254/kg brick). Standard deviations in the data presented
reflect the presence of duplicate drill samples for the given materials. Due to lack of material not
all sampling was performed in duplicate.

Figure 3.2: Sampling diagram for Connecticut materials (concrete, granite, and brick). Drilling
was performed into the materials at the location of the removed caulking materials.

3.2.2. Connecticut Materials: Treatment and Results
PowderSorb NMTS and AMTS were applied to the concrete, granite, and brick via direct
contact which involved application of the treatment system using a small square mold (3.5 cm x
3.5 cm) to a thickness of 1.6 cm. The treatment systems were then sealed with three applications
of vinyl polymer coating, allowing for ample drying time (approximately 15 minutes) between
each application. The NMTS and AMTS remained in contact with the concrete, granite, and
bricks for seven days (Treatment A). To the granite, additional NMTS and AMTS treatments
were applied (Treatment B) which were in contact with the granite for 14 days. After the
scheduled contact time, the treatment systems were removed and the materials were sampled by
drilling. The results of the treatments are described below and summarized in Figure 3.3 and
Figure 3.4.
Treatment for seven days with NMTS resulted in a decrease in a 33% decrease in PCB
concentration in the concrete and treatment for seven days with AMTS resulted in a 44%
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decrease in PCB concentration in the concrete. After seven days of treatment of brick 01, a 65%
decrease in PCB concentration was obtained with the NMTS treatment and a decrease of 39%
was obtained with the AMTS treatment. For brick 02, post-treatment results show a 74% and
81% reduction in average PCB concentration with NMTS and AMTS respectively. For the
granite, treatment for seven days with NMTS and AMTS reduced the PCB concentration in the
granite by 60% and 78% respectively. Treatment of the granite for an additional 14 days resulted
in an 89% reduction in PCB concentration (compared to initial PCB concentration in the granite)
with the use of NMTS and a 91% reduction in PCB concentration (compared to initial PCB
concentration in the granite) with the use of AMTS. The results of the granite treatment indicate
that increasing the NMTS and AMTS contact time from seven to 14 days resulted in lower PCB
concentrations. These results indicate that PowderSorb NMTS and PowderSorb AMTS can be
used to remove PCBs from concrete, granite, and brick.
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Figure 3.3: Remediation of Aroclor 1254 from a) granite and b) concrete field samples from
Connecticut with NMTS and AMTS showed a decrease in PCB concentration in the materials
after seven days of contact time (Treatment A). The PCB concentration of the granite was further
reduced after 14 additional days of contact with the treatment systems (Treatment B).
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Figure 3.4: Remediation of Aroclor 1254 from a) brick 01 and b) brick 02 field samples from
Connecticut with NMTS and AMTS showed a decrease in PCB concentration in the materials
after seven days of contact time (Treatment A).
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3.3. Investigation of an Alternative Delivery Method for the Remediation of Concrete
The use of PowderSorb NMTS and PowderSorb AMTS was shown to remove PCBs
from the concrete, granite, and brick Connecticut field samples described previously. Due to the
prevalence of PCB-laden caulking used as joint sealants for concrete and other porous building
materials,35,38 an alternative delivery method for PowderSorb NMTS was investigated for the
remediation of PCBs from the concrete cinder block. When selecting materials to generate the
alternative delivery system, the attributes desired were an easy application of the delivery
system, easy removal of the delivery system, and minimal damage to the application site. The
criteria of a clean (lack of residual treatment system or sealant) and complete removal of the
treatment system and sealant was important because many of the structures that would benefit
from this in situ treatment are still is use.38 It would therefore be advantageous to develop a
treatment system and delivery method that would offer complete removal once the site has been
successfully remediated.
The alternative delivery method tested involved the use of cotton and nylon socks for the
containment of the PowderSorb NMTS; an alternative sealing method was also investigated for
the cotton and nylon sock. Previous work utilized vinyl polymer coating for the sealing of
PowderSorb NMTS and AMTS that was applied via direct contact. The use of the vinyl polymer
coating requires multiple applications with ample drying time between each application. For the
sock delivery system, the vinyl polymer coating was replaced with aluminum tape for sealing.
The aluminum tape was applied immediately after the sock was placed on the remediation site,
which allowed for rapid sealing of the treatment system. Another motivation for eliminating the
vinyl polymer coating as the treatment system sealant was for ease of clean up. Following the
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allotted treatment time, the aluminum tape can be easily removed and properly discarded. The
vinyl polymer coating, however, cannot be completely removed once applied to porous surfaces
such as concrete as the vinyl polymer agglomerates in the porous surface. The testing of the sock
delivery method was limited to the containment and sealing of PowderSorb NMTS, as it was
unknown how the activated magnesium system would affect the integrity of the cotton/nylon
sock or the aluminum tape.
3.3.1. Connecticut Concrete: Sock Treatment 1, 2, and Results
PowderSorb NMTS was placed inside a cotton sock and also inside a nylon sock (each
approximately four inches by two inches once filled). Each sock was then placed on the concrete
over the area of the removed caulking material and sealed with aluminum tape. The socks
containing the treatment systems were in contact with the concrete for two weeks (Sock
Treatment 1), after which time the aluminum tape and sock were removed and the concrete was
sampled. An additional treatment (Sock Treatment 2) of the concrete was performed with a new
cotton and nylon socks containing new PowderSorb NMTS. After the allotted treatment times
the concrete was sampled by drilling and the powder was extracted into toluene via 90-minute
sonication. The results of the concrete sampling after each treatment are summarized in Table 3.2
and Figure 3.3.
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Table 3.2: Concentration of PCBs in Connecticut concrete (mg Aroclor 1254/kg concrete).
Treatment (Contact Time)

Cotton Sock Delivery

Nylon Sock Delivery

Baseline (No Treatment)

13,573

13,573

Sock Treatment 1 (2 Weeks)

10,203

5,581

Sock Treatment 2 (2 Weeks)

3,667

2,261

After the first treatment the concentration of PCBs in the concrete decreased by 25% for
the cotton sock delivery method and by 59% for the nylon sock delivery method. After the
second treatment, the concentration of the concrete decreased by 73% for the cotton sock
delivery method and by 83% for the nylon sock delivery method (compared to baseline
sampling). The results presented indicate that the cotton and nylon sock delivery methods are
capable of removing PCBs from concrete (contaminated by PCB-laden caulking). Further
investigation of this delivery method is presented in the subsequent chapter.

Concentration
(mg Aroclor 1254/kg concrete)

14000

Cotton Sock

12000

Nylon Sock

10000
8000
6000
4000
2000
0
Baseline

Treatment 1

Treatment 2

Figure 3.5: Remediation of Aroclor 1254 from concrete field samples from Connecticut with
PowderSorb NMTS delivered by cotton and nylon socks showed a decrease in PCB
concentration after the first treatment (two weeks) and a continued decrease in PCB
concentration in the concrete after the second treatment (two additional weeks).
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3.4. Treatment of Laboratory Prepared PCB-Laden Concrete
To determine the ability of the NMTS to transport PCBs out of concrete and other PCBladen building materials, the capability and capacity of PowderSorb NMTS and wet-PowderSorb
NMTS containing additional ethanol was tested. Experiments were performed to test at what
distance from the application site the NMTS can affect PCB movement, the upper concentration
limit of PCB movement into NMTS, as well as the preferential transport of higher or lower
chlorinated congeners into the NMTS.
3.4.1. Concrete Preparation and Initial Sampling
In an attempt to determine the ability of NMTS to remediate PCBs in concrete at
distances up to six inches from the NMTS application, concrete was prepared in the laboratory
(Figure 3.7a) with a combination of individual PCB congeners (PCB 29, 47, 101, and 182). The
PCB congeners used in the prepared concrete are shown below in Figure 3.6. These congeners
were chosen because they have varying polarities and degrees of chlorination and are not any of
the coplanar (dioxin-like) PCB congeners.4 Five identical pieces of concrete were poured from
one batch of prepared concrete (for preparation information see Section 2.2.5). After four weeks
of curing, one of the prepared concrete pieces was sampled by drilling (Figure 3.8) and the drill
powder was analyzed. The average initial concentration (sum of all four congeners) for the
untreated concrete was found to be 5.795 ± 0.8932 mg PCB/kg concrete.
a)

b)
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Figure 3.6: Molecular structure of a) PCB 29, b) PCB 47, c) PCB 101, and d) PCB 182.
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3.4.2. Treatment with PowderSorb NMTS
Of the remaining four prepared concrete pieces containing PCBs, two were treated with
NMTS by nylon sock delivery (Figure 3.7b and Figure 3.7c) and two by direct contact (Figure
3.7d). The delivery systems were sealed with aluminum tape (Figure 3.7d) and were in contact
with the concrete for six weeks. Both delivery methods were used to determine if there was a
difference in the distance from the NMTS that the PCBs were able to be mobilized based on the
NMTS delivery method.
a)

b)

c)

d)

e)

Figure 3.7: a) PCB-laden concrete was prepared in the laboratory containing PCB 29, 47, 101,
and 182. b) PowderSorb NMTS was placed inside a nylon sock and c) applied to the laboratoryprepared concrete. d) NMTS was also applied via direct contact. e) Both delivery methods were
sealed with aluminum tape.
3.4.3. Post-Treatment Results and Discussion
The treatment systems remained for six weeks, after which the aluminum tape and NMTS
were removed and the concrete was sampled by drilling (Figure 3.8). Ten concrete samples were
obtained from each of the prepared PCB-concrete samples treated with NMTS. The powder from
each drilling was homogenized and analyzed in duplicate. The results of the drill powders are
summarized in Figure 3.9. The greatest change in PCB concentration was seen at the sampling
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location closest to the application of the NMTS (0.5 inches), although a change in PCB
concentration was also seen at a distance of six inches from the NMTS applied via direct contact.
The post-treatment concentrations for PCBs at distances from 1.5 inches to 4.5 inches are similar
to the average concentration of the untreated concrete.
Two possible explanations for this lack in change of PCB concentration can be offered.
First, the transport of PCBs through the concrete material from the location at six inches to the
site of the NMTS may generate a PCB front moving through the concrete. The PCBs six inches
away from the NMTS application must move through the pore structure of the concrete to the
NMTS application site causing a build-up of PCBs resulting in a PCB front. A second possible
explanation of the difference in PCB concentration at six inches and a lack in change in PCB
concentration from 1.5 to 4.5 inches may be due to the pore structure. The treated concrete was
prepared in the laboratory and the PCBs were incorporated into the concrete as PCB-spiked sand.
If the sand is incorporated into the concrete pore structure in a way that the pore structure is
discontinuous, the PCBs would not be in a location to move through the concrete toward the
NMTS. This discontinuous pore structure at the sampling locations 1.5 to 4.5 inches from the
NMTS would result in trapped PCBs that are unavailable for transport to the NMTS.
a)

b)

Figure 3.8: a) Sampling diagram for PCB-laden concrete with drilling at 0.5, 1.5, 3.0, 4.5, and
6.0 inches. b) Post-sampling concrete showed drilling was performed completely through the
concrete.
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Figure 3.9: Concentration of PCBs in the laboratory-prepared concrete after treatment with
NMTS delivered via nylon sock and direct contact showed a decrease in PCB concentration at
0.5 inches and a decrease in PCB concentration at 6.0 inches for the direct contact with NMTS.

3.5. Transport of PCBs into NMTS Applied via Nylon Sock
To test the capacity of PowderSorb NMTS to absorb PCBs without interference from
building matrices, a nylon sock filled with PowderSorb NMTS and wet-PowderSorb NMTS was
exposed to a sample of Aroclor 1254 on aluminum foil. Two samples (twenty-five milligrams
each) of Aroclor 1254 were dissolved in hexane and evaporated onto separate pieces of
aluminum foil. PowderSorb NMTS and wet-PowderSorb NMTS were applied to the two pieces
of aluminum foil delivered with a nylon sock (Figure 3.10a and Figure 3.10b). The nylon sock
was then sealed with aluminum tape and the container housing the foil and NMTS sock was
covered with aluminum vapor barrier (Figure 3.10c).
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a)

b)

c)

Figure 3.10: a) Aroclor 1254 (25 mg) was evaporated onto aluminum foil and b) covered with
PowderSorb NMTS delivered via nylon sock. The treatment socks were then sealed with
aluminum tape and c) covered with aluminum vapor barrier.

After six weeks, the vapor barrier and aluminum tape were removed and the NMTS was
tested for PCBs. Results of GC/ECD analysis of the NMTS extraction show that the
concentration of the PowderSorb NMTS was 23,820 ± 2,105 mg Aroclor 1254/kg NMTS and the
wet-PowderSorb NMTS was 21,291 ± 1,966 mg Aroclor 1254/kg NMTS. Based on the initial
mass of NMTS, the concentrations of PCBs in the treatment systems account for 97%
(PowderSorb NMTS) and 98% (wet-PowderSorb NMTS) of the original 25 mg of Aroclor 1254
on the aluminum foil.
These results indicate that the upper limit of the concentration of Aroclor 1254 available
for transport in PowderSorb NMTS and wet-PowderSorb NMTS is greater than or equal to
23,820 and 21,291 mg Aroclor 1254/kg NMTS respectively. Analysis of the individual 1254
congeners in the post-treatment NMTS and wet-NMTS did not show preferential transport of
higher or lower chlorinated congeners from the foil to the treatment system. It is also important
to note that the transport of PCBs into the NMTS is also limited by the concentration of PCBs in
the contaminated materials (concrete, brick, and granite) and is a function of the concentration
gradient between the NMTS and the PCB-laden material.
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CHAPTER 4: AN EXTENDED LABORATORY STUDY FOR THE
REMEDIATION OF CONCRETE FIELD SAMPLES
4.1. An Investigation into Sample Variability and the Effects of Extraction and Cleanup
To verify the effectiveness of PowderSorb NMTS for the remediation of PCBs from
concrete, field samples were obtained from a site in Massachusetts and an extended laboratory
remediation study was completed. Prior to treatment, it was important to investigate several
aspects of the sampling, extraction, and cleanup procedures. Extraction of PCBs from the
concrete drill powders were accomplished according to EPA Method 3550C which requires
demonstration of adequate extraction for the chosen solvent or solvent system. The effect of the
sulfuric acid and potassium permanganate cleanup on the quantitation of PCBs was also
investigated and the variability of field samples will be discussed.
4.1.1. Solvent Testing for the Sonication of PCB-Laden Concrete
To determine an appropriate solvent for ultrasonic extraction, drill powders from concrete
contaminated with Aroclor 1254 and 1248 were subjected to a 90-minute sonication. The PCB
contamination was a result of contact between the concrete and PCB-laden sealants. Method
3550C suggests hexane or other suitable solvents for the extraction of semi-volatile organic
compounds from solids but that the solvent (system) chosen must demonstrate optimum,
reproducible recovery. The drill powders were sonicated in ethanol, toluene, ethanol/toluene
mixtures, and hexane. The results summarized in Figure 4.1 indicate that for the concretes tested,
ethanol provided the best extraction of Aroclor 1254 and Aroclor 1248. Method 3550C indicates
that water-miscible solvents facilitate the extraction of PCBs in the case of wet solids and in
instances where the solid materials may contain residual water. The ability of ethanol to
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penetrate surface or pore water of the concrete (most likely present due to atmospheric moisture)
may have contributed to superior extraction of ethanol compared to the other solvents or solvent
systems tested. Ethanol was therefore chosen as the solvent for ultrasonic extraction of the
Massachusetts sample drill powders for baseline and all post-treatment concrete samples.
a)
Concentration
(mg Aroclor 1254/kg concrete)
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1 Ethanol: 1 Toluene

400

4 Ethanol: 1 Toluene

300
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Hexane
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0

b)
Concentration
(mg Aroclor 1248/kg concrete)
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175

Ethanol
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125

1 Ethanol: 1 Toluene
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4 Ethanol: 1 Toluene
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0

Figure 4.1: Extraction of a) Aroclor 1254 and b) Aroclor 1248 from concrete powder via
sonication for 90 minutes in various solvents and solvent mixtures showed superior extraction
using ethanol compared to toluene, mixtures of ethanol and toluene, or hexane.
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4.1.2. Effect of Sample Cleanup on PCB Quantitation
Solid materials presented in this work contaminated with PCBs were extracted into
ethanol, toluene, or hexane via sonication, after which the extraction solvent was subjected to
cleanup per EPA Method 3665A with concentrated sulfuric acid and a five percent (w/v)
aqueous potassium permanganate solution. To determine how the cleanup procedure affects the
quantitation of PCBs, a three congener solution (PCB 47, 101, and 153 in toluene) and a solution
of Aroclor 1254 (in toluene) were subjected to the cleanup procedure and quantitation of the
PCBs after cleanup were compared to neat PCB solutions. The results summarized in Table 4.1
indicate that the cleanup process affects the quantitation of PCBs, and that the percent difference
from the neat PCB solution depends on the identity of the PCB congener or Aroclor. Due to this
difference, all calibration standards used to quantitate materials containing PCBs were also
subjected to the extraction and cleanup process.
Table 4.1: Effect of extraction and cleanup on PCB quantitation (mg PCB/L toluene).
Sample

Neat Concentration

Cleanup Concentration

Difference

PCB 47

1.250

1.143 ± 0.03787

– 8.6%

PCB 101

0.1250

0.1206 ± 0.007322

– 3.5%

PCB 153

0.06250

0.06213 ± 0.003701

– 0.6%

Aroclor 1254

2.500

2.130 ± 0.08587

– 14.8%

4.1.3. Variability of Field Samples
In an attempt to demonstrate the variability of concrete field samples, drill powders from
concrete contaminated with Aroclor 1254 are shown below in Figure 4.2. These drill powders are
a result of the baseline sampling of the Massachusetts field samples that will be discussed later in
this chapter. The variability of color seen in the concrete drill powders, expected for a composite
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material such as concrete, is an indication of the variability of the material and is highlighted in
the quantitation.
a)

b)

Figure 4.2: Concrete drill powders from Massachusetts samples before homogenation from a)
concrete cinder block and b) concrete support pillar showed variation of color.

A selection of the complete baseline sampling of the Massachusetts field samples are
given in Table 4.2. The left drilling of each concrete sample in Table 4.2 are aliquots of
homogenized drill powder from the same sampling location. Similarly, the center and right
drilling of each concrete sample in Table 4.2 are aliquots of homogenized drill powder from the
same sampling location. The analysis of these aliquots produced similar results. The left, center,
and right samples were then averaged and the corresponding standard deviations and relative
standard deviations (RSD) are summarized in Table 4.2. The RSD is a measure of the variability
of a data set, with a lower percentage indicating a lower variability. The formula used for
calculating the RSD is given in Equation 4.1 where the RSD is equal to the standard deviation
divided by the average, multiplied by 100. The wide range of RSD values given in Table 4.2
demonstrate the variability of the PCB contamination in the concrete field samples and are not an
indication of the analytical methods.
( )
̅
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Equation 4.1

Table 4.2: Selected results of Massachusetts field samples (mg Aroclor 1254/kg concrete).
Concrete Sample

Left Drilling

Center Drilling

Right Drilling

2,813

1,764

3,243

2,976

1,420

3,112

134.9

137.5

165.6

162.1

129.5

127.8

9.100

85.65

22.04

8.360

78.43

15.24

2K-8A-A02

2K-8B-A02

2K-8B-A01

Average &
Deviations
Avg = 2,721
s = 926.5
RSD = 34%
Avg = 142.9
s = 16.63
RSD = 12%
Avg = 36.47
s = 35.72
RSD = 97%

4.2. Field Samples from Massachusetts Site
The concrete field samples obtained from a building at a private site in Massachusetts
were of three different types of building materials, joined together with two types caulking. A
concrete support pillar was joined to red clay brick with a joint sealant (caulking) and the
concrete support pillar was also joined to a concrete cinder block with a joint sealant (caulking).
Figure 4.3 shows field sample 2K-8A and a schematic of the cinder block wall. The analyzed
samples described below are for the concrete materials and the caulk joining the cinder block and
support pillar. The two field samples are shown in detail in Figure 4.4. Samples 2K-8A-A01 and
2K-8B-A01 were from the concrete support pillar and samples 2K-8A-A02 and 2K-8B-A02
were from the cinder block wall. Attaching the support pillars and cinder blocks were with joint
sealants 2K-8A and 2K-8B. Samples 2K-8A-B01 and 2K-8B-B01 were attached to the brick.
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a)

b)

Figure 4.3: a) Massachusetts field sample 2K-8A and b) sample wall schematic indicating the
PCB-laden caulking in red. Concrete samples ending in 01 were from the support pillar and
samples ending in 02 were from the cinder block wall.
a)

b)

c)

d)

Figure 4.4: Two Massachusetts field samples were obtained a) 2K-8A-A01/2K-8A-A02, b) 2K8A-B01 were from one building location and c) 2K-8B-A01/2K-8B-A02 and d) 2K-8B-B01
were from another building location.
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4.3. Initial Analysis of Massachusetts Samples
Upon receipt of field samples, initial drillings of each concrete above were analyzed to
determine which of the materials contained PCBs. The agency from which the field samples
were obtained indicated that the PCB contamination was limited to concrete only, therefore, the
brick was not sampled. Single concrete samples were drilled from 2K-8A-A01, 2K-8A-A02, 2K8A-B01, 2K-8B-A01, 2K-8B-A02, and 2K-8B-B01. The drill powder was collected from each
piece of concrete, extracted into toluene, and analyzed via GC/ECD. Analysis of the drill
powders indicated that Aroclor 1254 was present in concrete samples 2K-8A-A01 (51mg/kg),
2K-8A-02 (514 mg/kg), 2K-8B-A01 (119 mg/kg), and 2K-8B-A02 (3,933 mg/kg) while PCBs
were not detected in 2K-8A-B01 nor in 2K-8B-B01. The caulking material joining the support
pillars and cinder blocks were also analyzed. Sonication of the caulking was performed in
ethanol and quantitation of the extract via GC/ECD revealed that the caulking attached to
concrete 2K-8A contained Aroclor 1254 at a concentration of 51,444 ± 2,324 mg/kg
(approximately 5.14 percent by mass) and the caulking attached to concrete 2K-8B contained
Aroclor 1254 at a concentration of 50,298 ± 1,232 mg/kg (approximately 5.03 percent by mass).
Given these results, baseline sampling was performed for concrete samples, 2K-8A-A01, 2K-8AA02, 2K-8B-A01, 2K-8B-A02 prior to treatment according to the sampling plan outlined in
Figure 4.5.
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Figure 4.5: Sampling plan for Massachusetts field samples. Drilling was performed into the face
of the concrete to a depth of 0.5 inches at various distances from the removed caulking material.

Baseline samples were drilled left, center, and right at distances of 0.5, 1.5, and 3.0
inches from the original location of the PCB-laden caulking. All samples were drilled to a depth
of 0.5 inches, the concrete powder was homogenized and duplicate samples were analyzed for
each drilling. Concentrations from 0.5 inches from the original location of the caulking material
at left, center, and right positions were averaged. The same average calculation was performed at
the left, center and right positions at the 1.5 and 3.0 inch distances from the original location of
the caulking material. Baseline concrete samples were extracted into ethanol via sonication.
Ethanol was chosen as the extraction solvent based on the results of an extraction efficiency
study for PCBs in concrete that showed superior extraction with the use of ethanol compared to
toluene, mixtures of toluene and ethanol, or hexane (Section 4.1.1). The average concrete
concentrations and standard deviations for the baseline (pre-treatment) samples are summarized
below in Table 4.3, Figure 4.7, and Figure 4.8.
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Table 4.3: Baseline results for Massachusetts field samples (mg Aroclor 1254/kg concrete).
Distance from
Caulking

2K-8A-A01

2K-8A-A02

2K-8B-A01

2K-8B-A02

0.5 Inches

370.3 ± 202.4

2,721 ± 926.5

179.6 ± 131.5

3,926 ± 1,897

1.5 Inches

52.09 ± 32.97

132.7 ± 32.01

48.39 ± 37.92

142.9 ± 16.63

3.0 Inches

23.89 ± 11.29

52.52 ± 15.04

36.47 ± 35.72

40.77 ± 10.56

The results from the baseline sampling indicate lower PCB concentrations in concrete
support pillars (2K-8A-01 and 2K-8B-A01) and higher PCB concentrations in the cinder block
(2K-8A-02 and 2K-8B-A02). This is expected due to the porous nature of the cinder block which
allows for greater transport of liquids (and therefore chemical species) compared to the support
pillar which is far less porous. The base line samples also show that the concentration of PCBs in
the concrete decreases as the distance from the location of the PCB-laden caulking increases.
Given the results of baseline treatment, concretes 2K-8A-01, 2K-8A-02, 2K-8B-A01, and 2K8B-A02 were selected for treatment with NMTS.
4.4. Treatment of Massachusetts Field Samples
After the baseline sampling was completed, the caulking materials attached to sample
2K-8A and 2K-8B were removed and concrete 2K-8A-A01, 2K-8A-02, 2K-8B-A01, and 2K-8BA02 were treated with NMTS. A nylon sock was chosen as the delivery method. This served to
verify the effectiveness of PowderSorb NMTS to remediate PCB-laden concrete and to further
investigate the effectiveness of the sock delivery method. The formation of the nylon sock
delivery system and results of the first treatment are described below.
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4.4.1. Formation and Delivery of the Nylon Sock
Commercially available nylon socks were modified to the appropriate size to cover the
area from which the PCB-laden caulking materials were removed. The nylon socks were filled
with PowderSorb NMTS and placed in the location of the removed caulking materials. The
nylon sock was then sealed with aluminum tape. Formation of the nylon sock as well as delivery
and sealing of the treatment system are shown in Figure 4.6. In total, three sequential treatments
with the PowderSorb NMTS/nylon sock were applied to the Massachusetts samples. Each
treatment involved generation of a new nylon sock with new PowderSorb NMTS.
a)

b)

c)

d)

Figure 4.6: a) Nylon socks were modified and filled with PowderSorb NMTS then b) placed in
the location of the removed caulking material. c) The treatment system was then sealed with
aluminum tape. d) The four concrete field samples were treated with PowderSorb NMTS sock.
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4.4.2. Massachusetts Samples: Treatment 1 and Results
Once the initial and baseline samples were taken, treatment was performed for the PCB
contaminated concrete. For the first treatment, PowderSorb NMTS was prepared according to the
formulation given in Table 2.1. The treatment system was sealed with aluminum tape and was in
contact with the contaminated concrete for two weeks. After the two weeks of treatment, the
sock was removed and the concrete was sampled again by drilling. Samples were taken at
location between the baseline samples (left and right of the center baseline sampling) at distances
of 0.5, 1.5, and 3.0 inches from the position of the removed caulking material. All samples were
drilled to a depth of 0.5 inches, concrete powder was homogenized and duplicate samples were
analyzed for each drilling. The concrete powders were extracted into ethanol via sonication.
Concentrations from left and right drillings were averaged to obtain the average concentrations
and standard deviations in Table 4.4, Figure 4.7, and Figure 4.8.
Table 4.4: Results of first treatment of Massachusetts field samples (mg 1254/kg concrete).
Distance from
Caulking

2K-8A-A01

2K-8A-A02

2K-8B-A01

2K-8B-A02

0.5 Inches

104.9 ± 67.05

532.2 ± 66.84

38.72 ± 14.27

816.9 ± 252.9

1.5 Inches

10.46 ± 3.659

51.27 ± 19.62

9.099 ± 1.694

32.57 ± 1.639

3.0 Inches

7.107 ± 3.149

12.50 ± 2.252

6.680 ± 2.277

9.930 ± 1.099

After the first treatment, the concentration of all the concrete samples at 1.5 inches and
3.0 inches from the original location of the caulking were under the EPA action limit with the
exception of 2K-8A-A02 at 1.5 inches. Also after the first treatment the concentrations of PCBs
closest to the original location of the caulking material (0.5 inches) were drastically reduced. The
concentration of PCBs at 0.5 inches in sample 2K-8A-A01 was decreased by 72%, the
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concentration of PCBs in 2K-8A-02 at 0.5 inches was decreased by 80%, the concentration at 0.5
inches for 2K-8B-A01 was decreased by 78%, and the concentration of PCBs in the concrete at
0.5 inches for sample 2K-8B-A02 was decreased by 79% after the first treatment. Three of the
concrete samples (2K-8A-A01, 2K-8A-02, and 2K-8B-A02) were above the EPA action limit
(50 mg PCB/kg material) after the first treatment and were subjected to an additional NMTS
treatment. Concrete 2K-8B-A01 was below the action limit and therefore was not subjected to
further treatment.
4.4.3. Massachusetts Samples: Treatment 2 and Results
For the second treatment of the Massachusetts field samples, PowderSorb NMTS was
prepared identical to the first treatment (formulation given in Table 2.1). The treatment system
was applied only to concrete 2K-8A-A01, 2K-8A-02, and 2K-8B-A02 only. PowderSorb NMTS
was again delivered to the contaminated concrete using a nylon sock and sealed with aluminum
tape. The treatment systems were in contact with the concrete for four weeks, after which the
sock was removed and the concrete was sampled by drilling. Samples were taken for concrete at
distances left and right of locations from the position of the caulking material that were shown to
be above the EPA action limit after the first treatment. All samples were drilled to a depth of 0.5
inches, concrete powder was homogenized and duplicate samples were analyzed for each
drilling. Concentrations from left and right sampling points were averaged to obtain the
concentrations and standard deviations shown below in Table 4.5, Figure 4.7, and Figure 4.8.
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Table 4.5: Results of second treatment of Massachusetts field samples (mg 1254/kg concrete).
Distance from
Caulking

2K-8A-A01

2K-8A-A02

0.5 Inches

89.07 ± 19.42

580.8 ± 184.9

1.5 Inches

Not Sampled

18.12 ± 3.126

3.0 Inches

Not Sampled

Not Sampled

2K-8B-A01

2K-8B-A02
287.5 ± 248.7

Not Treated

Not Sampled
Not Sampled

After the second treatment, the concentration of concrete sample 2K-8A-A02 at 1.5
inches from the original location of the caulking was found to be below the EPA action limit.
After the second treatment, the concentrations of PCBs closest to the original location of the
caulking material (0.5 inches) in sample 2K-8A-A01 was decreased by 76% compared to the
pre-treatment concentration. The concentration of PCBs in 2K-8A-02 at 0.5 inches was
decreased by 86% and the concentration of PCBs in the concrete at 0.5 inches for sample 2K-8BA02 was decreased by 93% after the first treatment. The three concrete samples (2K-8A-A01,
2K-8A-02, and 2K-8B-A02) were above the EPA action limit (50 mg/kg) after the second
treatment and were subjected to additional exposure to the PowderSorb NMTS.
4.4.4. Massachusetts Samples: Treatment 3 and Results
The PCB concentrations of concrete samples 2K-8A-A01 and 2K-8A-02 after the second
treatments were not significantly different than the concentrations of the concrete after the first
treatment. As a result of these findings, the formulation of the PowderSorb NMTS was altered.
For the third treatment, wet-PowderSorb NMTS was prepared (according to the formulation
given in Table 2.1) that contained twice as much ethanol. It was believed that increasing the
amount of ethanol would aid in solubilizing the PCB off of the concrete (components) so that the
PCBs would be able to travel into the treatment system.
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The wet-PowderSorb NMTS was applied only to concrete 2K-8A-A01, 2K-8A-02, and
2K-8B-A02. The treatment system was in contact with the concrete for six and a half weeks,
after which the nylon sock was removed and the concrete was sampled by drilling. All samples
were drilled to a depth of 0.5 inches, concrete powder was homogenized and duplicate samples
were analyzed for each drilling. Concentrations from left and right samples were averaged to
obtain the average concentrations and standard deviations below in Table 4.6, Figure 4.7, and
Figure 4.8.
Table 4.6: Results of third treatment of Massachusetts field samples (mg 1254/kg concrete).
Distance from
Caulking

2K-8A-A01

2K-8A-A02

0.5 Inches

20.60 ± 8.199

421.2 ± 200.6

1.5 Inches

Not Sampled

5.041 ± 0.3993

3.0 Inches

Not Sampled

Not Sampled

2K-8B-A01

2K-8B-A02
78.78 ± 30.46

Not Treated

Not Sampled
Not Sampled

Analysis of the concrete after the third treatment, showed the concentrations of PCBs
closest to the original location of the caulking material (0.5 inches) were reduced compared to
the concentrations after the second treatment. For concrete 2K-8A-A01 the concentration of
PCBs after the third treatment at 0.5 inches in sample 2K-8A-A01 was decreased by 77%
compared to the concentration after the second treatment and was decreased by 94% compared to
the baseline concentration. After three treatments, concrete 2K-8A-A01 was below the EPA
action limit. The concentration of PCBs at 0.5 inches in concrete 2K-8A-A02 was decreased by
27% compared to the concentration after treatment two and was decreased by 85% compared to
the baseline concentration. The PCB concentration for concrete 2K-8B-A02 decreased by 73%
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from treatment two to treatment three and was decreased by 98% from the baseline concentration
to the concentration after the third treatment.
4.4.5. Conclusions for Treatment of Massachusetts Field Samples
Despite the large percent decrease in PCB concentration, two of the concrete samples
(2K-8A-02 and 2K-8B-A02) remained above the EPA action limit after three treatments. These
two concrete samples are porous cinder block and contained the highest baseline (pre-treatment)
concentration. The concentration of concrete 2K-8A-02 at 0.5 inches from the original location
of the caulking material was 2,721 mg Aroclor 1254/kg concrete (54.5 times the action limit)
prior to treatment; the final concentration at 0.5 inches was 421.2 mg Aroclor 1254/kg concrete
(8.5 times the action limit). The concentration of concrete 2K-8B-02 at 0.5 inches from the
original location of the caulking material was 3,926 mg Aroclor 1254/kg concrete (78.5 times the
action limit) prior to treatment; the final concentration at 0.5 inches was 78.76 mg Aroclor
1254/kg concrete (1.6 times the action limit). Although still above the EPA action limit, after
three sequential treatments (ten and a half total weeks of exposure to NMTS), the concentration
of PCBs in these two concrete samples was drastically reduced.
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Figure 4.7: Concentration of Aroclor 1254 from Massachusetts field samples a) 2K-8A-A01 at
0.5 inches, b) 2K-8A-A01 at 1.5 and 3.0 inches, c) 2K-8A-A02 at 0.5 inches, and d) 2K-8A-A02
at 1.5 and 3.0 inches from the original location of the caulking material. Treatment of the
concrete with the NMTS nylon sock showed continued decrease in concentration with each
sequential treatment.
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Figure 4.8: Concentration of Aroclor 1254 from Massachusetts field samples a) 2K-8B-A01 at
0.5 inches, b) 2K-8B-A01 at 1.5 and 3.0 inches, c) 2K-8B-A02 at 0.5 inches, and d) 2K-8B-A02
at 1.5 and 3.0 inches from the original location of the caulking material. Treatment of the
concrete with the NMTS nylon sock showed continued decrease in concentration with each
sequential treatment.
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4.5. NMTS from First Treatment of Massachusetts Field Samples
In order to determine the ability of the activated magnesium system to degrade PCBs
remediated from concrete field samples, samples of the PowderSorb NMTS from the first
treatment of the Massachusetts field samples were combined with magnesium for the
degradation of PCBs. It was shown previously that activation of PowderSorb NMTS spiked with
Aroclor 1260 (0.1013 mg Aroclor 1260/kg PowderSorb NMTS) resulted in a concentration of
Aroclor 1260 not detected after 4 days (Figure 3.1). The degradation of PCBs is described below.
4.5.1. Activated PowderSorb Treatment System for the Degradation of PCBs
After the first treatment of the Massachusetts field samples (two weeks contact time) the
treatment systems (attached to concrete 2K-8A-A01, 2K-8A-A02, 2K-8B-A01, and 2K-8B-A02)
were removed and the PowderSorb NMTS was separated from the nylon sock. Each sample of
NMTS was homogenized and an aliquot was tested for PCBs. The remaining PowderSorb
NMTS from each concrete treatment was split evenly into four 8-oz glass canning jars (for a total
of 16 jars). Each portion of the NMTS was then combined with one gram of a 50/50 mixture of
magnesium and glycerol for every four grams of NMTS, thereby forming PowderSorb AMTS.
Acidified ethanol (10% acetic acid) was also added (five milliliters for every four grams NMTS).
The activated treatment system was stored on a bench top at ambient conditions for one, two,
four, and seven days.
4.5.2. Results of AMTS Degradation of PCBs
The results of the initial NMTS sampling and the results for the AMTS activation are
summarized in Table 4.7 and Figure 4.9. The initial sampling (no Mg) indicated that the
concentration of PowderSorb NMTS attached to cinder blocks 2K-8A-A02 and 2K-8B-A02 were
higher than the initial concentrations of PowderSorb NMTS attached to concrete support pillars
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2K-8A-A01 and 2K-8B-A01. These results were as expected due to the higher concentration of
PCBs in the cinder block samples compared to concrete support pillars shown in the baseline
sampling (Table 4.3).
Although not below the EPA action limit, activation of the 2K-8A-A01 treatment system
for seven days resulted in a 94% reduction of the PCB concentration. The failure to degrade the
PCBs below the action limit was most likely due to incomplete mixing of the magnesium into the
treatment system. The 2K-8B-A01 treatment system did result in the degradation of PCBs to
below the action limit (99% degradation) and the starting concentration was comparable to the
2K-8A-A1 concentration. After seven days of activation, the concentrations of PCBs in the
treatment system from sample 2K-8A-A02 and 2K-8B-A02 were both reduced by 98% and
below the action limit. The GC/ECD chromatograms for non-activated treatment system and the
activated treatment system after one and seven days from concrete 2K-8A-A02 are shown in
Figure 4.10. The analysis of the activated treatment systems indicated that the majority of PCB
degradation occurs within the first day. It would therefore be advantageous to investigate adding
additional magnesium after one day to enhance PCB degradation.
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Table 4.7: Concentration of PCBs in the treatment system (mg Aroclor 1254/kg treatment
system) attached to corresponding Massachusetts field samples for two weeks (first treatment).
Activation Time

2K-8A-A01

2K-8A-A02

2K-8B-A01

2K-8B-A02

No Activation
(No Mg)

851.2 ± 14.40

1,541 ± 140.1

874.8 ± 31.47

1,114 ± 8.917

1 Day

109.8 ± 6.660

340.9 ± 16.94

234.1 ± 28.13

111.9 ± 1.734

2 Days

102.3 ± 3.468

214.3 ± 1.262

205.2 ± 3.704

124.1 ± 4.038

4 Days

71.17 ± 3.279

140.9 ± 2.395

98.08 ± 0.9323

48.25 ± 4.190

7 Days

50.59 ±1.079

32.71 ± 1.448

11.01 ± 0.4145

37.49 ± 0.3303
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Figure 4.9: Degradation of Aroclor 1254 in the treatment systems from first Massachusetts
treatment with activated magnesium. Massachusetts samples a)2K-8A-A01 b)2K-8A-A02 c)2K8B-A01 c)2K-8B-A02 showed that the majority of the degradation occurs in the first 24 hours
and continued for 7 days.
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Figure 4.10: Comparison of the GC/ECD chromatograms for treatment system 2K-8A-A02 a)
non-metal (no Mg) and b) the activated metal system after one day indicates that the majority of
the degradation occurs within the first 24 hours. c) Continued degradation of PCBs was observed
for seven days.
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CHAPTER 5: AN INVESTIGATION INTO THE ADSORPTION AND
DESORPTION OF PCBs AND THE COMPONENTS OF CONCRETE
5.1. Adsorption of PCB to Concrete Components
Polychlorinated biphenyls have been shown to migrate from sealants and into
surrounding materials such as concrete. The inorganic nature of concrete allows for the
spontaneous absorption of water which can then move freely due to capillary action. The
presence of water within the pore system also allows for the diffusion of chemical species down
a concentration gradient.58,59 It is important to investigate the sorption process between PCBs and
the components of concrete in order to understand the process and/or limitation of NMTS to be
used as a remediation technology. The objective of the NMTS is to remediate PCBs from the
concrete materials by transferring the PCBs from the concrete and into the treatment system. It
would therefore be advantageous to understand the concrete components that offer the greatest
challenge for the remediation of PCBs using NMTS. To study the adsorption and desorption of
PCBs, solutions of PCBs in ethanol were exposed to individual concrete components; ethanol
was chosen as the solvent because it is the major component of NMTS.
5.1.1. Concrete Components
To investigate the adsorption of PCBs to the concrete components, hydrated cement,
sand, crushed granite, and crushed limestone were tested independently for adsorption of
selected PCB congeners. Masonry sand, crushed granite, and crushed limestone were obtained
commercially and hydrated cement was prepared in the laboratory by mixing the appropriate
ratio of Portland Type I cement with water (per package directions). After the appropriate curing
time (four weeks), the hydrated cement was then broken into smaller pieces. The concrete
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components (Figure 5.1) were sieved to obtain a standard particle size, the materials were
washed with deionized water, and oven dried overnight at 85 °C. Twenty-five grams of hydrated
cement, crushed limestone, and crushed granite with a size range of 2.36 – 3.35 mm and ten
grams of masonry sand with a size range of 150 – 250 µm were used for the adsorption and
desorption studies described below.
a)

b)

c)

d)

Figure 5.1: a) Masonry sand, b) laboratory-prepared hydrated cement, c) crushed limestone, and
d) crushed granite used for laboratory adsorption and desorption studies.

5.1.2. PCB Congeners
PCB adsorption was tested by exposing the four individual concrete components to an
ethanol solution of three PCB congeners (PCB 47, 101, and 153) whose molecular structures are
shown in Figure 5.2. The three congeners below were chosen because they are present in one or
more of the most common Aroclors (Table 5.1) found in environmental samples.1 These
congeners were also chosen because they have varying degrees of chlorination and are not the
coplanar (dioxin-like) PCB congeners.4 Investigation into the three-dimensional structure of
these four PCBs indicates the two rings are approximately normal to each other.64
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Figure 5.2: Molecular structure of a) PCB 47, b) PCB 101, and c) PCB153.

Table 5.1: Percent composition of PCB congeners studied in relation to Aroclor composition.
Congener

Aroclor 1248

Aroclor 1254

Aroclor 1260

47

3.18%

---

---

101

---

7.0%

5.0%

153

---

3.3%

8.2%

5.1.3. Experimental Setup and Results for Adsorption Studies
The concrete materials were brought into contact with 100 mL of prepared PCBs
solutions of varying concentrations in an 8-oz glass canning jar. The concentrations were chosen
to obtain a similar response for each congener during GC/ECD analysis. The jars were sealed
and placed on a reciprocating shaker at ambient conditions for one week. The concentrations of
each PCB congener for the various solutions are summarized in Table 5.2. After one week, five
milliliter aliquots of the PCB solutions were filtered and extracted into five milliliters of toluene
with the addition of five milliliters of deionized water.

57

Table 5.2: Concentration of PCB congeners in ethanol solution (mg PCB congener/L ethanol).
Trial

PCB 47

PCB 101

PCB153

1A and 1B

1.172

0.1118

0.0577

2A and 2B

2.344

0.2236

0.1154

3A and 3B

4.688

0.4417

0.2308

4A and 4B

7.032

0.6707

0.3462

5A and 5B

9.376

0.8943

0.4616

6A and 6B

15.24

1.453

0.7502

7A and 7B

17.58

1.677

0.8658

8A and 8B

23.43

2.236

1.154

2.236

1.154

0A and 0B*
23.43
*No concrete component present
5.1.4. Adsorption Percentages

To compare the adsorption of the PCB congeners to the various concrete materials, the
initial and equilibrium concentrations were used to calculate the percent adsorption according to
Equation 5.1 where

represents the original solution concentration and

represents the

solution equilibrium concentration. The adsorption percentages are summarized in Figure 5.3,
Figure 5.4, and Figure 5.5. The results show that the lowest percent adsorption of the three PCB
congeners studied occurred to the sand. In general, higher percent adsorption was calculated for
the crushed granite and crushed limestone and for PCB 47 the percent adsorption decreased as
the concentration in solution increased. This indicates that the amount of adsorption is limited by
the number of adsorption sites on the different concrete components.
Equation 5.1
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Figure 5.3: Calculated adsorption percentages of PCB 47 exposed independently to granite,
limestone, cement, and sand in an ethanol solution of PCB 47, 101, and 153 for one week.
Higher percent adsorption was seen to the granite and cement compared to the limestone and
sand for all initial concentrations studied.
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Figure 5.4: Calculated adsorption percentages of PCB 101 exposed independently to granite,
limestone, cement, and sand in an ethanol solution of PCB 47, 101, and 153 for one week. At
lower concentrations, higher adsorption percentages were seen to limestone and granite. As the
initial concentration of PCB 101 is increased, the percent adsorption of granite and cement are
roughly equal. The percent adsorption to sand is the lowest for all initial concentrations of PCB
101 studied.
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Figure 5.5: Calculated adsorption percentages of PCB 153 exposed independently to granite,
limestone, cement, and sand in an ethanol solution of PCB 47, 101, and 153 for one week.
Higher percent adsorption was seen to the granite and limestone compared to cement and sand
for all initial concentrations of PCB 153 studied.

5.2. Adsorption Capacity and Isotherm Models
The initial and equilibrium PCB concentration used to generate the adsorption
percentages were also used to calculate the adsorption capacity of the concrete materials. The
adsorption capacity (qe) describes the amount of PCBs that are held on the surface of the
material studied. Equation 5.2 gives the mathematical relationship between the mass of
adsorbent/concrete component (w, in grams), the PCB solution volume (V, in L), the initial
concentration of the PCBs solution (Co, in mg/L), and the equilibrium concentration of the PCBs
solution (Ce, in mg/L). Normalized for mass of adsorbent material, the adsorption capacity (in
mg/g) gives an indication of the ability of the material tested to adsorb the PCBs. The calculated
adsorption capacities for each congener at the different solution concentration were then used
(along with the equilibrium concentrations) to determine the best linear fit to selected isotherm
models.
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(

)

Equation 5.2

5.2.1. Linear Fit of Adsorption Data
The three isotherm models commonly used to describe the adsorption of organic
compounds are the Freundlich model, the Langmuir model, and the Redlich-Peterson model.65,66
Linear regression analysis was performed for all three PCB congeners exposed to the four
concrete components to determine which isotherm equation describes the sorption process. The
isotherm equations as well as their respective linear forms are given in Table 5.3.

Table 5.3: Isotherm equations and corresponding linear forms.
Isotherm Model

Isotherm Equation

Linear Form
( )

Freundlich

(

Plot

)

( )

( )

( )

Langmuir
RedlichPeterson

(

)

( )

(

)

(

)

( )

The equilibrium PCB concentrations and calculated adsorption capacities were used to
generate the linear plots for the Freundlich and Langmuir models. The Redlich-Peterson constant
was also used with the equilibrium PCB concentrations and calculated adsorption capacity to
generate the linear plot for the Redlich-Peterson model.67 Identifying the isotherm model that
best describes the adsorption process through linear regression allows for determination of the
isotherm parameters and gives information about the properties of the surface and the affinity for
the adsorbate to the adsorbent. The isotherm constants
density and the constants ,

, and

,

, and

describe the binding strength.
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describe the absorption

The linear plots for the adsorption of PCB 47 to hydrated cement are shown in Figure 5.6
and linear plots of the three congeners to all the concrete components can be found in the
corresponding appendix for this chapter. The coefficients of determination (R2) given in Table
5.4 indicate that the Freundlich model best describes sorption process of the PCBs to the
concrete components for the concentrations studied. This is consistent with studies of PCBs
sorption to sediments which also follow the Freundlich model.1 The Freundlich isotherm is an
empirical model that assumes heterogeneous surface energies for adsorption; the calculated
isotherm parameters given in Table 5.4 are useful in describing the sorption process and the
affinity of the PCBs for the concrete components tested.
a)

b)
1.4

0.0014

2.0

1.2

0.0012

0.0

1.0
0.6
0.4

ln(KR*Ce/qe - 1)
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0.8

Ce/qe

logqe

c)

0.0008
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0.0004

0.2
0.0

0.0002

R² = 0.9272

-0.2

R² = 0.2016

3.5
logCe

4.5
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R² = 0.2123
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-0.5
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Figure 5.6 Adsorption isotherms linear fit for PCB 47 adsorption to hydrated cement for the
a) Freundlich, b) Langmuir, and c) Redlich-Peterson models showed the best linear fit was
obtained for the Freundlich model.
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Table 5.4: Adsorption isotherm parameters obtained from linear fit.
Langmuir
Model

RedlichPeterson Model

R2

R2

R2

Freundlich Model
KF

PCB 47

Cement
Sand
Granite
Limestone

7.170x10-4
1.168x103
3.992x10-5
7.791 x102

1.033
0.6111
1.322
0.7288

0.9272
0.6489
0.9937
0.9224

0.2016
0.5942
0.9170
0.8925

0.2123
0.4278
0.9455
0.6942

PCB 101

Cement
Sand
Granite
Limestone

6.217x10-4
6.533x102
1.163x10-4
1.664x103

1.089
0.6835
1.317
0.8897

0.9773
0.7848
0.9891
0.9919

0.6332
0.7144
0.9236
0.8916

0.3582
0.4388
0.9175
0.6521

PCB 153

Cement
Sand
Granite
Limestone

9.829x10-4
7.923x102
1.190x10-4
1.023x103

1.186
0.7592
1.343
0.8639

0.7966
0.8509
0.9805
0.9810

0.2316
0.4723
0.9371
0.8445

0.6452
0.3642
0.9100
0.5614

5.3. Desorption Experiments
Because the focus of the research presented addresses the remediation of PCBs from
concrete affixed with PCB-laden joint sealants, it is important to understand the desorption from
the components of the concrete to model the transport of PCBs during treatment with NMTS.
The desorption of PCBs from the concrete components was tested by exposing the concrete
components to a PCB solution then analyzing the solution after sonication. The motivation for
this investigation was to determine which of the concrete components most strongly adsorbed the
PCBs. From a remediation standpoint, this information would highlight the challenges in
remediating PCBs by indicating from which components of concrete the PCBs would be most
difficult to remediate.
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5.3.1. Desorption Studies: Experimental Setup and Results
To investigate the desorption of PCBs following sonication, 25 g of hydrated cement,
crushed granite, and crushed limestone as well as 10 g of sand were placed in a glass canning jar
to which 100 mL of a PCB/ethanol solution was added (Table 5.5). The samples were agitated on
a reciprocating shaker at ambient conditions for one week, after which the samples were
sonicated for 90 minutes. The concentration of PCBs in the ethanol solution after sonication was
measured via GC/ECD and normalized to an aliquot of the solution that was not exposed to any
concrete material but was exposed to one week of agitation and sonication for 90 minutes. The
results are summarized in Figure 5.7, Figure 5.8, and Figure 5.9. For all three PCB congeners,
the concentrations of the PCB solution were lowest in the solutions exposed to the hydrated
cement. These results indicate that the hydrated cement portion of concrete presents a challenge
for the remediation of PCBs from contaminated concrete materials. Strong adsorption of PCBs to
sediments high in aluminum and iron oxides has been documented,68 therefore, strong adsorption
would be expected to hydrated cement due to the presence of these oxides.

Table 5.5: Concentration of PCBs in ethanol for desorption study (mg PCB/L ethanol).
PCB 47

PCB 101

PCB 153

7.854

0.5507

0.3281
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Figure 5.7: Desorption of PCB 47 from concrete components via 90 minute sonication showed
the most desorption from crushed granite, sand, and limestone and the least desorption from
hydrated cement.
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Figure 5.8: Desorption of PCB 101 from concrete components via 90 minute sonication showed
the most desorption from crushed granite, sand, and limestone and the least desorption from
hydrated cement.
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Figure 5.9: Desorption of PCBs 153 from concrete components via 90 minute sonication showed
the most desorption from crushed granite, sand, and limestone and the least desorption from
hydrated cement.
5.3.2. Remarks for the Adsorption and Desorption of PCBs
The adsorption experiments presented above indicate that the three PCB congeners
studied (PCB 47, 101, and 153) have a higher percent adsorption to the crushed granite and
crushed limestone compared to the adsorption observed for the three congeners to sand and
hydrated cement. Therefore, in concrete the distribution of the PCBs will be more on the
aggregate materials in the case of crushed granite or crushed limestone. The percent adsorption
was also shown to decrease as the concentration of PCB 47 in the solution increased, which is
consistent with the adsorption of solutes form a liquid solution described by the Freundlich
isotherm model.69 Because aggregates materials like crushed granite and crushed limestone can
account for up to 75% of the weight of concrete, they can greatly influence the amount of
adsorption experienced by PCBs in concrete. Given that PCBs are more easily desorbed from the
granite and limestone through sonication, it is promising from a remediation standpoint in that
the materials the PCBs seem to adsorb most to, they most readily desorbed from (at least during
sonication).
66

CHAPTER 6: ETHANOL WASHING FOR THE REMEDIATION OF PCBLADEN CONCRETE
6.1. Ethanol Washing
The motivation of the research presented thus far was to develop an in situ treatment
technology (NMTS) for the remediation of PCBs in contaminated building materials. It has been
shown that NMTS successfully removed PCBs from concrete, brick, and granite, whose
contamination resulted from contact with PCB-laden joint sealants (caulking). The ultimate goal
of NMTS as an in situ treatment is to remediate buildings so that they are safe for use once the
treatment is complete. However, due to the large amounts of hazardous PCB waste from building
demolition, a remediation technology for post-demolition concrete waste is also advantageous.
Therefore, ethanol washing was investigated as a remediation technology for post-demolition
concrete containing PCBs.
6.1.1. Experimental Setup for Ethanol Washing
Laboratory-prepared PCB-laden concrete that remained after initial testing described in
Section 3.4 (Figure 6.1a, 211.78 g, 5.795 ± 0.8932 mg PCB/kg concrete) was crushed into
smaller pieces (Figure 6.1b), combined with 200 mL of absolute ethanol in an 800-mL glass
canning jar (Figure 6.1c). The jar was then placed on a reciprocating shaker at ambient
conditions for the allotted time. In total, three ethanol washes were performed with new ethanol
for each sequential wash. After the third wash, a 90-minute sonication was also performed with
new ethanol to remove any available PCBs remaining in the concrete.
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a)

c)

b)

Figure 6.1: a) Laboratory-prepared concrete containing PCB 29, 47, 101, and 182 was sampled
prior to ethanol washing. b) The concrete was then crushed and c) combined with 200 mL of
ethanol for various wash times.

6.1.2. Results of Ethanol Washing
The results of the GC/ECD analysis of the sequential ethanol washes are summarized in
Table 6.1 and show that the majority of the available PCBs were solubilized into the ethanol
during the first ethanol wash. For each ethanol wash, new ethanol was used and each sequential
wash resulted in a decreased concentration of PCBs in the ethanol. The low PCB concentration
in the ethanol after sonication indicated that the overwhelming majority of the available PCBs
were transferred into the ethanol with the three washes. Due to the lack of concrete remaining
from the experiment described in Section 3.4, samples for ethanol washing were not performed
in duplicate.
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Table 6.1: GC/ECD results of sequential ethanol washes indicated that the majority of the
available PCBs were removed from the concrete during the first wash.
Ethanol Wash
Time

Total Wash
Time

Concentration of PCBs
(mg PCB/L Ethanol)

First Ethanol Wash

1 Week

1 Week

2.928

Second Ethanol Wash

1 Week

2 Weeks

0.4912

Third Ethanol Wash

4 Weeks

6 Weeks

0.1244

Sonication

90 Minutes

6 Weeks + 90
Minute Sonication

0.007376

6.1.3. Concrete Sampling Post-Wash
After the three ethanol washes and 90 minutes of sonication, the concrete was sampled by
drilling. Eight sites were sampled and the drill powder was analyzed. The concentration postwashing was 1.835 ± 0.1289 mg PCB/kg concrete (sum of four congeners), resulting in a 68%
decrease in PCB concentration of the concrete material (compared to the pre-washing concrete
concentration of 5.795 ± 0.8932 mg PCB/kg concrete). A mass balance was performed for the
ethanol washes and concrete. The results are summarized in Equation 6.1 through Equation 6.5.
In comparison to the original mass of PCBs in the pre-washed concrete, the sum of the mass of
PCBs in the post-washing concrete, the three ethanol washes, and the 90-minutes sonication
accounted for 90.40% of the total mass of PCBs.
Equation 6.1

Equation 6.2

Equation 6.3
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Equation 6.4

Equation 6.5

6.1.4. Remarks for Ethanol Washing and Future Direction
The results above indicate that ethanol washing is a viable method for the remediation of
PCBs from bulk concrete waste. The concentration of PCBs in the laboratory-prepared concrete
was reduced by 68% after three sequential ethanol washes followed by a 90-minute sonication
and although the initial concentration of the PCB-laden concrete described above was below the
EPA action limit, the results indicate that use of ethanol washing should be further investigated
for the remediation of PCBs. Enhanced removal of PCBs would be expected for concrete field
sample with ethanol washing, as PCBs in the laboratory-prepared concrete may have been in the
isolated pore structure and therefore not available to transfer into the ethanol. Additional
parameters to investigate include the use of environmental concrete samples of increasing and
various concentrations as well as concrete containing various aggregate materials. The concrete
utilized for the ethanol washing described above was prepared with crushed limestone as the
aggregate. Other solvents or solvent systems may also be investigated for the washing of PCBladen concrete that are compatible with the acidified ethanol system for PCB degradation.
6.2. Degradation of PCBs in Ethanol Wash with Activated Magnesium
The results above indicate the feasibility of ethanol washing for low-concentration,
laboratory-prepared concrete. But for ethanol washing to be utilized as a remediation and
degradation technology, it must be capable of eliminating the PCBs (not just transferring them
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from the concrete to the ethanol). The use of activated magnesium systems has been shown
successful for the degradation of PCBs32 and other persistent organic pollutants70 as well as
energetic materials.71 To test the ability of the activated magnesium system to degrade the PCBs
in the first ethanol wash, a degradation study was employed.
6.2.1. Experimental Setup and Results for Degradation of PCBs in the First Ethanol Wash
A small-scale degradation study was performed in 20-mL vials. To each vial, 5.0 mL
aliquots of the first ethanol wash, various amounts of milled magnesium powder (0.25 g or 0.50
g), and various amounts of glacial acetic acid (50 μL or 100 μL) were added. The vials were
placed on a reciprocating shaker table at ambient conditions for times ranging from 30 minutes
to ten days. Due to the limited amount of ethanol from the wash, limited time points were taken
during the degradation study. The results of the degradation study of the PCBs in the first ethanol
wash are summarized in Figure 6.2.
The first degradation study performed utilized 0.25 g of magnesium and 50 µL of acetic
acid. After five days of exposure to the magnesium (activated with 50 µL of acetic acid), the
final concentration of the PCBs in the ethanol wash was 1.146 ± 0.08057 mg PCBs/L ethanol
(61% degradation compared to the concentration of the first ethanol wash). In an attempt to
increase the percent degradation, the amount of magnesium used was increased to 0.50 g. After
ten days of exposure to 0.50 g of magnesium activated with 50 µL of acetic acid, the final
concentration of the PCBs in the ethanol wash was 1.142 ± 0.1804 mg PCBs/L ethanol (61%
reduction in concentration). Because the concentration of PCBs in the ethanol exposed to 0.50 g
of magnesium was approximately the same as the concentration of PCBs in the ethanol exposed
to 0.25 g of magnesium, it was concluded that the extent of the degradation was not a function of
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the amount of magnesium for the masses studied. A third degradation study was employed in an
attempt to increase the percent degradation of PCBs in the ethanol wash. Due to the limited
ethanol wash, only one time point was taken for degradation with 0.25 g of magnesium activated
with 100 µL of acetic acid. After ten days of exposure, the concentration of PCBs in the ethanol
wash was 0.6782 ± 0.007489 mg PCBs/L ethanol (77% degradation). The increased percent
degradation with the use of 100 µL of acetic acid indicated that degradation of PCBs with an
activated magnesium system is a function of the activated surface area of the magnesium
(assuming that the amount of magnesium required for complete degradation of PCBs is
satisfied).
3.5

0.25 g Mg, 50 μL Acetic Acid
0.50 g Mg, 50 μL Acetic Acid
0.25 g Mg, 100 μL Acetic Acid

PCB concentration
(mg PCB/L ethanol)

3.0
2.5
2.0
1.5
1.0
0.5
0.0
First Wash

0.50 Hr

5.0 Hr

3 Day

5 Day

7 Day

10 Day

Figure 6.2: Results for degradation of PCBs from first ethanol wash with activated magnesium
showed enhanced degradation with increasing acetic acid content.

6.2.2. Congener Analysis and Remarks for the Degradation of PCBs with Activated Magnesium
GC/ECD chromatograms for the degradation of the PCBs in the first ethanol wash (0.25
g of magnesium activated with 50 μL of acetic acid) are shown in Figure 6.3. Figure 6.3a shows
the chromatogram from the analysis of the first ethanol wash containing the four PCB congeners
used in generating the concrete (PCB 29, 47, 101, and 182). After five hours of exposure to the
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activated magnesium system, the concentration of PCB 182 has greatly decreased (Figure 6.3b)
and byproducts of the degradation of PCB 182 are apparent (confirmed by separate degradation
study of PCB 182 alone). Exposure to the activated magnesium system for 3 days (Figure 6.3c)
showed continued degradation of PCB 182 to below the detection limit as well as the reduction
of the PCB 101 peak and the byproduct peaks from Figure 6.3b. Exposure to the activated
magnesium system for 5 days (Figure 6.3d) shows additional degradation of PCB 101 to below
the limit of detection as well as continued degradation of the byproducts from the degradation of
PCB 182. After five days, the concentration of PCB 29 and PCB 47 have also been reduced.
Incomplete degradation of PCB 29 and PCB 47 may be a result of the degradation products of
PCB 101 and PCB 182. Degradation products of the higher chlorinated congeners may contain
PCB 29 and/or PCB 47 or other lower chlorinated congeners that elute at the same or very
similar retention times. Supporting data for the individual congener concentrations may be found
in the corresponding appendix for this chapter.
Complete degradation of a neat solution of PCB 151 in ethanol has been reported after 60
minutes of exposure to an activated magnesium system32 (identical to the system used for the
degradation of PCBs in the first ethanol wash). Complete degradation of Aroclor 1254 and
Aroclor 1248 was also shown with activation of NMTS after four days (Figure 3.1). However,
degradation of PCBs in media exposed to concrete results in incomplete degradation of PCBs.
This was shown in activation of PowderSorb NMTS from the first treatment of the
Massachusetts field samples as well as exposure of the first ethanol wash to activated
magnesium.
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Figure 6.3: GC/ECD chromatograms for a) the first ethanol wash and degradation of PCBs in the
wash with 0.25 g Mg and 50 μL acetic acid for b) 5 hours, c) 3 days, and d) 5 days showed the
presence of degradation products of PCB 182 and a reduction in concentration of all PCBs.
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CHAPTER 7: CONCLUSIONS AND FUTURE DIRECTIONS
Since their ban in 1979, PCBs have been one of the most extensively studied
environmental contaminants and the public concern over PCB exposure continues to rise. The
purpose of the research presented was to test a novel NMTS formulation using PowderSorb for
the in situ remediation of PCB-laden concrete as well as the use of magnesium for the
degradation of PCBs in the NMTS. This novel treatment system using an alternative sock
delivery was shown to remove PCBs from laboratory-prepared, PCB-laden concrete as well as
field samples of concrete, brick, and granite contaminated from contact with PCB-laden
caulking. Also investigated were the adsorption characteristics of select PCB congeners and the
feasibility of ethanol washing for the remediation of PCBs from bulk concrete waste.
The novel treatment system formulation using PowderSorb and magnesium was shown to
be successful for the remediation and degradation of PCBs from various building materials.
Treatment of brick and concrete with PowderSorb NMTS resulted in a 65-70% and 33-98%
reduction in PCB concentration respectively. Treatment of granite with PowderSorb NMTS
resulted in an 89% reduction in PCB concentration after two sequential treatments (seven days of
contact time followed by 14 days of contact time). The results of the remediation of granite
indicate that multiple applications of NMTS and the length of contact time affect the removal of
PCBs from the materials studied.
Concrete prepared in the laboratory that was spiked with PCB 27, 47, 101, and 182 was
also treated with PowderSorb NMTS, though reduction in PCB concentration was only
moderately successful. The limit of remediation of this concrete is most likely due to unavailable
or trapped PCBs during treatment with NMTS. This phenomenon of trapped PCBs in an isolated
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pore structure is not of a particular concern for in situ concrete remediation. The transport of
PCBs into the porous materials would only occur to a depth/distance dependent on the continuity
of the pore structure to the surface. It would seem reasonable that if the PCBs were capable of
traveling into the materials, under the right conditions they would be able to travel out of the
materials and into the treatment system.
Testing of Massachusetts field samples (concrete) indicated varying degrees of PCBs
contamination based on the type of concrete investigated. The less porous concrete support
pillars were found to have lower concentrations of PCBs than the more porous concrete cinder
blocks. These two concrete materials were joined with an elastic sealant (caulking) that was
found to contain over 50,000 mg Aroclor 1254/kg caulking. Given that these two concrete
materials where affixed with the same sealant, it is expected that the cinder block would contain
more PCBs due to the greater ability of PCBs to be transported through the more porous
material. Remediation of the Massachusetts field samples with the NMTS nylon sock was
successful. One of the concrete pillars (2K-8B-A01) was remediated to below the EPA action
after one NMTS treatment and three NMTS treatments were applied to the concrete pillar 2K8A-A01 resulting in PCB concentrations below the EPA action limit. Three NMTS sock
treatments were applied to cinder blocks 2K-8B-A02 and 2K-8A-A02 but these field samples
were not remediated to below the action limit even though 85% of the PCBs from concrete 2K8A-A02 and 98% of the PCBs from concrete 2K-8B-A02 were removed.
The capacity of NMTS to absorb Aroclor 1254 was also tested and the upper limit of
PCBs in the treatment system was roughly 22,000 mg Aroclor 1254/kg treatment system. The
concentrations of PCBs in the treatment systems accounted for 97% and 98% of the mass (25
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mg) of Aroclor available for transport into the treatment system for PowderSorb NMTS and wetPowderSorb NMTS respectively. Given that nearly all of the PCBs transferred into the treatment
system through the nylon sock, the capacity of NMTS would be greater than or equal to roughly
22,000 mg Aroclor 1254/kg treatment system. The actual transport of PCBs from concrete into
the treatment system is a function of the concentration gradient between the concrete and the
treatment system, as seen in the first treatment of the Massachusetts field samples. The concrete
cinder blocks contained nearly 15 times the PCBs concentration compared to the concrete
support pillar, and analysis of the corresponding treatment systems after two weeks of contact
time revealed that the NMTS in contact with the cinder blocks contained twice the amount of
PCBs. These results indicate that although the capacity of the treatment system for PCBs is high,
it is ultimately limited by the concentration of PCBs in the concrete. Combining the NMTS from
the first Massachusetts treatment with magnesium was proven successful for the degradation of
PCBs, resulting in 94% or greater reduction in PCB concentration with the most degradation
occurring within the first 24 hours.
The results of the Massachusetts treatment with PowderSorb NMTS and wet-PowderSorb
NMTS with the nylon sock system prove that this technology can successfully remediate PCBs
from contaminated concrete, whose source of contamination was from PCB-laden caulking. Best
practices for remediation include using the standard ratio of components (referred to here as
PowderSorb NMTS) for at least two weeks (preferably four weeks), followed by at least six
weeks of exposure to a treatment system with increased ethanol content (referred to here as wetPowderSorb NMTS). The activated treatment system with magnesium was shown to degrade
PCBs, but because the majority of the degradation occurred within the first day, the addition of
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extra magnesium and acidified ethanol on day two should be investigated to determine if
complete degradation can be achieved.
Investigation into the adsorption of PCB 47, 101, and 153 onto concrete components via
linear regression analysis indicated that the adsorption followed the Freundlich isotherm model.
The percent adsorption of PCBs to concrete components showed a decrease in the adsorption
percent with an increase in solution concentration indicating that the adsorption is limited by the
number of adsorption sites on the concrete components. Although the PCB congeners studied
preferentially adsorbed to the crushed rock aggregates more so than the hydrated cement and
sand, it was the hydrated cement that showed the least desorption when sonication was tested as
a means of desorbing the three PCBs. Investigation into the adsorption of PCBs in river
sediments showed stronger adsorption to soils with high levels of aluminum and iron oxides.68
Given the presence of these oxides in cement, strong adsorption would be expected, and
therefore, the hydrated cement would present the biggest challenge for PCB transport from the
concrete into the NMTS.
Investigation of the adsorption of various PCB congeners in Aroclor 1254 to sediments
found that the higher chlorinated congeners exhibited stronger sorption and less desorption.72
This trend is not apparent for the adsorption of PCB 47, 101, and 153 to the concrete components
studied. The extraction of PCBs from the concrete components via sonication showed that PCB
101 had the highest desorption from sand, hydrated cement, and crushed limestone while PCB
153 had the highest desorption from the crushed granite and least from sand and crushed
limestone. Given this information, no clear trend can be inferred for desorption (via sonication)
of theses congeners and the degree of chlorination. Due to the inorganic nature of the concrete
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components studied, trends inconsistent with the adsorption of PCBs to organic components
were not unexpected.
Ethanol washing was investigated for the remediation of PCBs from laboratory-prepared
concrete. After three sequential washes and 90 minutes of sonication, the concentration of the
concrete was decreased by 68%. Limited removal of PCBs from the prepared concrete may be
due to a discontinuous or isolated pore structure. The concrete tested was prepared in the
laboratory and the PCBs were incorporated into the concrete as spiked sand. If the sand is
incorporated into the concrete in a way that the PCBs are in the isolated pore structure, the PCBs
would not be in a location to move into the ethanol wash. As stated previously, PCBs in a
discontinuous pore structure is not limitation for field samples because transport of PCBs into
porous materials would only occur through a pore structure continuous with the surface of the
concrete. These PCBs would then be available for remediation.
PCBs in the first ethanol wash were exposed to an activated magnesium system for
degradation of the PCBs. Activation of 0.25 g of milled magnesium powder with 100 µL of
acetic acid resulted in a 77% reduction in PCB concentration in the ethanol wash after ten days.
Incomplete degradation of PCB 29 and PCB 47 was observed and may have resulted from the
production of these two congeners from the degradation of PCB 101 and PCB 182 or the
coelution of other degradation products with PCB 29 and/or PCB 47. Investigation into the
optimization of the degradation of PCBs in ethanol washes is necessary to improve this
remediation and degradation technology. Parameters to investigate further include controlling the
pH throughout the degradation process. It is important to note that the pH of the first ethanol
wash was compared to the pH of ethanol and the pH of the first ethanol wash after 20 minutes of
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exposure to 0.25 g of Mg activated with 50 µL of acetic acid. The pH of ethanol and the first
ethanol wash were found to be approximately neutral and the pH of the first ethanol wash after
20 minutes of degradation/exposure was found to be approximately 10. Additional parameters to
investigate include the identification of possible precipitates or other hindering species from the
concrete aggregates produced after exposure to ethanol.
A practical remediation technology has been established for the removal and degradation
of PCBs from contaminated building materials using a novel NMTS formulation with
PowderSorb and a novel AMTS formulation with PowderSorb and magnesium. This in situ
technology can be used without destruction of the building or structure and has shown to be
successful for the remediation of PCBs from concrete, granite, and brick. An initial model was
developed establishing the transport of PCBs within the concrete pore structure and their
preferential adsorption to the crushed granite and crushed limestone aggregates. Ethanol washing
was shown to be a feasible remediation technology for PCBs in post-demolition concrete. This
technology would be useful for bulk concrete waste currently in storage or for future concrete
demolition. Because the composition of concrete can vary, it is important that other aggregates
and types of Portland cement be investigated to expand the scope of these treatment
technologies.
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APPENDIX A: SUPPORTING MATERIAL FOR CHAPTER 5
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Figure A.1: Adsorption isotherms linear fit for PCB 47 adsorption to hydrated cement for the a) Freundlich, b) Langmuir, and
c) Redlich-Peterson models showed the best linear fit was obtained for the Freundlich model.
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Figure A.2: Adsorption isotherms linear fit for PCB 47 adsorption to sand for the a) Freundlich, b) Langmuir, and c) RedlichPeterson models showed the best linear fit was obtained for the Freundlich model.
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Figure A.3: Adsorption isotherms linear fit for PCB 47 adsorption to granite for the a) Freundlich, b) Langmuir, and c)
Redlich-Peterson models showed the best linear fit was obtained for the Freundlich model.
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Figure A.4: Adsorption isotherms linear fit for PCB 47 adsorption to limestone for the a) Freundlich, b) Langmuir, and c)
Redlich-Peterson models showed the best linear fit was obtained for the Freundlich model.
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Figure A.5: Adsorption isotherms linear fit for PCB 101 adsorption to hydrated cement for the a) Freundlich, b) Langmuir, and
c) Redlich-Peterson models showed the best linear fit was obtained for the Freundlich model.
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Figure A.6: Adsorption isotherms linear fit for PCB 101 adsorption to sand for the a) Freundlich, b) Langmuir, and c) RedlichPeterson models showed the best linear fit was obtained for the Freundlich model.
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Figure A.7: Adsorption isotherms linear fit for PCB 101 adsorption to granite for the a) Freundlich, b) Langmuir, and c)
Redlich-Peterson models showed the best linear fit was obtained for the Freundlich model.
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Figure A.8: Adsorption isotherms linear fit for PCB 101 adsorption to limestone for the a) Freundlich, b) Langmuir, and c)
Redlich-Peterson models showed the best linear fit was obtained for the Freundlich model.
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Figure A.9: Adsorption isotherms linear fit for PCB 153 adsorption to hydrated cement for the a) Freundlich, b) Langmuir, and
c) Redlich-Peterson models showed the best linear fit was obtained for the Freundlich model.
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Figure A.10: Adsorption isotherms linear fit for PCB 153 adsorption to sand for the a) Freundlich, b) Langmuir, and c)
Redlich-Peterson models showed the best linear fit was obtained for the Freundlich model.
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Figure A.11: Adsorption isotherms linear fit for PCB 153 adsorption to granite for the a) Freundlich, b) Langmuir, and c)
Redlich-Peterson models showed the best linear fit was obtained for the Freundlich model.
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Figure A.12: Adsorption isotherms linear fit for PCB 153 adsorption to limestone for the a) Freundlich, b) Langmuir, and c)
Redlich-Peterson models showed the best linear fit was obtained for the Freundlich model.
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APPENDIX B: SUPPORTING MATERIAL FOR CHAPTER 6
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Table B.1: Degradation of PCBs in the first ethanol wash with 0.25 g Mg and 50 µL acetic acid
(mg PCB/L ethanol).
Reaction Time

[PCB 29]

[PCB 47]

[PCB 101]

[PCB 182]

Sum [PCB]

First Ethanol
Wash

0.9696

1.224

0.2484

0.3633

2.928

5 Hours

0.9057
0.8259

1.572
1.376

0.1832
0.2006

0.1149
0.1530

2.776
2.556

3 Days

0.4917
0.5991

1.195
1.407

0.05158
0.1110

Not detected
0.01889

1.738
2.136

5 Days

0.3858
0.4887

0.6815
0.6147

0.02135
0.07747

Not detected
0.02184

1.089
1.203
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