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ABSTRACT 

Polychlorinated Biphenyls (PCBs) are a family of synthetic organohalides comprising 209 

congeners which were used historically as additives in paint and caulking materials over a span of 

many years. Even though the production of PCBs in the USA has been banned since the late 1970s, 

their former prevalence and widespread use means many structures are still coated with PCB-laden 

paints. In addition, the presence of PCBs in elastic sealants has resulted in transport of PCBs into 

concrete structures and has caused soil contamination around buildings. PCB-contaminated 

building materials have become a significant concern for the environment and building occupants 

due to their carcinogenic nature and potential indoor contamination. This results in an urgent need 

for development of a cost-effective method to extract and degrade PCBs from contaminated 

materials.  

Experiments employing reductive dehalogenation through the use of zero-valent 

magnesium (ZVMg) ball-milled with activated carbon (AC) in an acidified solvent system have 

shown that PCBs can be broken down even in the presence of water. This research describes the 

development of two delivery systems for effective deployment of this treatment reaction to field 

samples. Two treatment systems formulated in this process, the Non-Metal Treatment System 

(NTMS) and the Activated Metal Treatment System (AMTS), are capable of extracting or 

extracting and degrading, respectively, trapped PCBs within a variety of building materials.  

In the development of NMTS and AMTS, an acidified dual system of ethanol/ethyl lactate 

was used as solvent while ZVMg over activated carbon is used in the AMTS. After development, 

applications of the systems extended to laboratory prepared PCB-laden paint as well as field 

samples received from Seattle. A marked successful on PCB remediation was observed.  
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The green solvent 2-butoxyethanol is approved by both the EPA and the FDA, and is an 

interesting alternative for the dechlorination of PCBs. Novel versions of NMTS and AMTS were 

developed by substituting 2-butoxyethanol for ethanol/EL and used on a set of paint chips and 

building materials from the same field site. PCBs were degraded significantly below their starting 

concentrations with removal efficiency greater than 99% for all samples after two weeks of 

treatment. The use of acidified 2-butoxyethanol and ZVMg permitted the extraction and 

destruction of PCBs from contaminated building materials in a one-step treatment.   

Additional studies were conducted on laboratory-prepared concrete where transport of the 

organic solvents (used in development of NMTS/AMTS) into the concrete structure was studied. 

PCB concentrations in concrete after treatment were reduced to below the limit of detection. 
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CHAPTER ONE: GENERAL INTRODUCTION 

Overview of Polychlorinated Biphenyls  

Industrial Usage 

Polychlorinated biphenyl (PCBs) refers to a family of synthetic organohalides which have 

been derived from biphenyl. Chlorine can be attached to the biphenyl ring in PCB resulting in a 

series of 209 possible PCB congeners in ten homologous groups1. Figure 1 shows the basic 

molecular structure indicating the traditional numbering of the chlorine positions2. Monsanto 

Industrial Chemicals Corporation (Madison, NJ, USA) manufactured and marketed most of the 

worldwide production in the form of nine technical grades under the generic trade name 

Aroclor®3. Although Aroclor® mixtures were well known and commonly used in industry, other 

competitors such as Kanechlors, Pyralene, and Clophen were also produced3. This family of 

materials were widely used on an industrial scale in a variety of commercial applications for nearly 

50 years between 1929 and 19774. 

 

Figure 1: General structure for polychlorinated biphenyl. 

Arochlors exhibit nonflammable, electrical, and thermal insulating properties that make 

them valuable for use in closed or semi-closed system. Various products such as dielectric fluids 

in capacitors, oil in transformers, and light ballasts were manufactured with PCBs as a key 
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ingredient4. In addition to their use in closed applications, over 70 million kilograms of PCBs were 

sold in the U.S. from 1958 through 1971 for use as plasticizers in “opened” applications5. These 

include rubbers, carbonless copy paper, inks, textile coatings, as well as construction materials (e. 

g. caulk, adhesives, paints, floor finishes)5. 

PCBs in Environmental Media 

Before the banning of PCBs in 1977, more than 1.5 million tons of PCBs were produced 

worldwide of which a significant fraction of PCBs has continue to leach into the environment6-7. 

Hazardous waste incineration and vaporization of PCBs from contaminated products are possible 

sources of PCB emissions to air. Treatment of PCBs, improper waste disposal, accidental spills 

during handling or transport and leaks from PCB-containing products are additional sources for 

contamination to environmental matrices. Another continuing source of contamination is recycling 

PCB laden materials (e.g., plastics, paper, glass) which can keep PCBs in circulation for many 

years7. 

Once released into the environment, PCBs do not readily break down under normal 

environmental condition and therefore may remain for very long periods of time. The lighter PCB 

congeners (those with four or less chlorine atoms) can be carried out by water or air for long 

distances and deposited in areas miles away from the sources of the contamination. Congeners 

with higher chlorine contents (and lower aqueous solubility and vapor pressure) are more likely to 

adsorb to organic matter in soils and sediments. As a consequence, PCBs have been detected in 

almost every compartment in the environment including air, water, snow, soil, and sediments by 

various remote and bustling countries all over the globe6-10. Because the lipophilicity of PCB in 

nature, they prone to bioaccumulate in organism cells and passed up to food chain. Borja et al11 
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has reported that PCBs can accumulate in fish and marine mammals which results in levels that 

may be higher than that in water. Most countries have currently ban PCBs resulting in reduction 

of its levels in the environment and food chain, however, there are other countries that still continue 

to use it7. If that is the case, PCB-containing products from those countries continue to be a source 

of PCB in the environment.  

Toxicity and Environmental Impacts 

The toxicity of PCBs is still subject to debate because the commercial PCB products 

generally occur as mixtures of congeners that vary in their toxicity. They also contained small 

amounts of highly toxic materials such as the polychlorinated dibenzodioxins/dibenzofurans 

(PCDDs/PCDFs)12.  Toxicity testing has been done using higher-dosages on animals in a 

laboratory setting; humans are not necessarily exposed to the same concentrations. Toxicological 

studies using pure PCB congeners13 and Epidemiological studies14 have also been addressed as 

confounding factors in terms of PCB toxicity. There remains some division in expert opinion as to 

what would be considered safe levels of PCB concentrations. 

It is known that the toxicity of PCBs is congener specific and it increases with increase the 

degree of chlorination. The long biological half-lives of higher chlorinated congeners in the body 

and their level in the blood reflect cumulative exposure over time. Though less chlorinated PCBs 

have a greater chance of metabolic and excretion within the body it does not necessarily indicate 

less concern for toxicity, because there is increasing evidence that the hydroxylated metabolites 

are toxic12. Non-ortho-substituted and mono-ortho-substituted congeners that have at least four 

chlorine atoms are classified as ‘dioxin-like’ and they may express similar toxicologic effects12.                                                                 
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The health effect of PCBs was not reported until they have been detected in human blood 

in 1964, although the occupational toxicity of PCBs has been documented since the 1930s11.  There 

have been studies that have correlated human PCB exposure with a variety of adverse effects, 

including skin lesions, changes in the immune system, causing irregular ocular effects, 

developmental and neurological effects in infants15. The results of toxicological studies have 

implicated the less chlorinated PCBs in immunotoxic, neurotoxic, as well as endocrine effects. 

According to United States Environmental Protection Agency (U.S. EPA) and International 

Agency for Research on Cancer (IARC), all PCBs congeners are categorized as probable human 

carcinogens such as skin and liver cancer based largely on animal and epidemiologic studies14.  

Recent studies have also been linked to PCB concentrations in adipose tissue and non-Hodgkin’s 

lymphoma16. 

In addition to human effects, wildlife that has been exposed to PCBs has also exhibited 

changes in their biochemical composition and fluctuation in population-levels. It has been 

documented that PCBs could be responsible for the decreased fertility in some aquatic species. 

There are indications that PCB have negative adverse effect on phytoplankton populations 

impacting the oceanic food chain, oxygen production, and carbon dioxide mitigation11. 

PCBs Regulations 

Concerns about the environmental persistence of PCBs and their possible health effects 

resulted in the banned of open and closed applications of PCBs. PCB manufacture and importation 

were banned in many countries such as Sweden and Japan. By the mid-to-late 1970s, the Toxic 

Substance Control Act (TSCA) promulgated stringent regulations ( which are codified under 40 

CFR Part 761) governing the manufacture, importation, use and disposal of PCBs in the United 
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States17.  These regulations define authorized uses, allowable limits, and disposal practices for 

PCBs. In May of 1979, the U.S. EPA enacted an outright ban on domestic PCB manufacture18. 

In consideration the bioaccumulative, continued presence, and the mobility of PCBs in the 

environment, makes it one of the most environmentally impactful materials addressed under the 

first Stockholm Convention on Persistent Organic Pollutants (POPs)19. PCBs are known to be a 

probable human carcinogen and have been selected as one of the top ten of high priority pollutants 

by U.S. EPA. In addition, PCBs are included in the 2007 CERCLA (Comprehensive 

Environmental Response, Compensation, and Liability Act) Priority List of Hazardous 

Substances.  

PCB-Containing Building Materials 

Potential Sources of PCB Exposure in Buildings 

A wide range of public and commercial buildings that have been constructed between 1958 

and 1971 have a greater chance of containing PCB-laden materials20. High concentrations of PCBs 

are still found in school buildings erected or renovated in this period throughout U.S21-22. Various 

construction products have been manufactured with PCBs include caulk, adhesives, and paints 

providing a primary source of PCBs in buildings4. The caulking materials were the most frequently 

reported to contain high concentration of PCBs, in some cases in levels of hundreds of thousands 

of parts per million (ppm)22. Paint and adhesives such as floor tile mastic were also reported to be 

enriched in PCBs, so they may constitute major sources of PCBs in building15, 23-24.  

PCBs released from primary sources can accumulate in porous building materials over time 

such as concrete and brick, creating secondary sources of PCB contamination in a building25. 
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These porous materials can absorb PCBs when adjacent to caulk or other materials manufactured 

with elevated concentrations of PCBs26. Literature indicates that high concentration of PCBs up to 

99,000 ppm have been detected in brick, concrete, and mortar22.  

Although the relatively low vapor pressure, PCB have emitted from contaminated building 

materials to indoor air, dust, soil and other human exposure media over the years27-28. Worldwide 

reports of PCB-containing building have demonstrated relationships between PCBs in sealants and 

levels in indoor air as well as in soil around the foundations of buildings containing these 

materials27, 29-31. Caulking material containing PCBs, which were used in building construction, 

have been found in soil up to a meter away from site exposure20. Settled dust within buildings has 

also been reported to contain PCBs due to the use of PCB-containing caulk32. PCB in indoor air 

can migrate and deposit on the adjacent surfaces such as concrete25 and paint,33 creating tertiary 

sources of PCB in buildings34. 

Remediation Methods for PCBs in Building Materials 

Building materials contain PCB level exceeding or equal 50 ppm are subject to EPAs PCB 

regulations. Under these regulations, they are considered as an “unauthorized use” and must be 

remediated18. A great deal of effort has been spent in developing effective technologies to 

minimize the dangers of PCBs in construction materials. The remediation of PCBs in construction 

materials generally fall under two categories: mitigation and abatement. Both remediation methods 

are effective for complying regulatory standards for PCBs and for managing potential exposures 

to PCBs in building materials.  
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Mitigation methods  

The purpose of mitigation is to block pathways of PCB transport, limit release of PCBs 

inside buildings where people may be exposed. This is a temporary solution that allows continued 

use of the building until a permanent solution is put in place. Mitigation of PCBs is accomplished 

using four types of engineering controls: contact encapsulation, physical barriers, ventilation, and 

air cleaning. Contact encapsulation involves the use of certain types of tape, sealants, and epoxides 

to create a low-permeable film that will reduce PCB exposure. Another engineering control 

involves the installation of fences or interior walls to separate PCB contaminated material from 

other areas of a building. Ventilation with clean outdoor air would be ideal as an engineering 

control regarding the purification of indoor air to lowering the concentration of PCBs released 

from PCB-laden materials. However, due to the possible migration of these compounds this would 

be a practical constraint22. 

Abatement methods 

Abatement methods are generally classified as either physical removal of PCB sources or 

chemical treatment through chemical extraction or degradation of PCBs from the materials. 

Abatement techniques aim to provide permanent solution to PCBs in building materials. This can 

be done by removing the PCB source from building or by reducing the mass of PCBs in the 

materials below the EPA action limit of 50 ppm.  

Physical removal, is often the remediation method of choice for the removal of PCB 

contaminated material such as caulking, porous substances, paint, and other bulk materials. This 

involves the site removal, incineration and/or disposal in landfills of this hazardous material. 

Abrasive blasting techniques include sand, shot, bead, hydro and carbon dioxide blasting are 
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physical removal methods commonly used to remove PCB-laden paint or layers of concrete35. 

Many types of hand tools such as knife, scraper, ripping chisel, and bush hammer are generally 

employed to pry beads of caulk containing PCBs. Some of the potential issues of this technology 

are the rise of disposal cost, availability of appropriate transportation of materials to the landfill as 

well as the stress on landfills. Other considerations are disruption of the surrounding environment 

associated with using mechanical or hand tools22, and formation of more toxic byproducts like 

PCDD/PCDFs if  the combustion of PCB is not complete36. 

Various means of chemical extraction PCB from building materials were reported as 

follow-up step to source removal. For example, a commercial product CAPSUR® (water-based 

solvent with emulsifiers) has been tested to remove PCBs from vertical and horizontal concrete 

surfaces37. However, the production of waste streams and odor complaints are significant issues 

with the use of this product38. Bleed-back of PCBs after chemical cleaning of concrete can occur 

due to the oil in which the PCBs are dissolved and the porous structure of concrete. Extraction of 

PCBs from concrete continues to be evaluated and explored based on the concept of a “sacrificing 

sealant”. In situ trials reported by Ljung (2002),39 three sacrificing sealants filled 90 small holes 

from removed contaminated caulk. The results of “sacrificing sealant” showed that this method 

was not effective at extracting PCBs from the materials studies over an extended period. 

Material’s abatement through chemical degradation has garnered significant attention in 

the in-situ remediation of PCBs without generating hazards waste. Dechlorination of PCB-

containing materials has been reported using few commercial products such as AMSTAR35. 

Although these products have shown the ability to extract PCBs from bare metal surfaces, their 

effectiveness to remove the PCBs from building materials was poor. New chemical degradation 
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method has been developed by researchers at the University of Central Florida (UCF) to extract 

and dechlorinate PCBs found in building structures. This remediation technology has been applied 

to the painted surfaces and porous materials as thick paste, covered by an overlying material for 

the duration of treatment37. The treatment paste is designed to dechlorinate the PCB using zero-

valent magnesium (ZVMg). 

Reductive Metal-Based Treatment System Pastes 

In general, degradation of PCBs through using zero-valent metals (ZVMs) has been proven 

more difficult than chlorinated aliphatic due to the stability of the aromatic structure in PCB 

requiring non-ambient conditions to break it down40. Reactions involving palladized bimetal 

system, however, have shown a complete reductive dechlorination of PCBs at ambient 

conditions41-42. Using a ball mill grinder, large scale remediation of PCB is a possibility by 

producing a sufficient amount of bimetal  to complete this project43. Ball-milled 

magnesium/palladium (Mg/Pd) have been incorporated with a water-in-solvent emulsion in order 

to remove PCBs from painted surfaces in the Department of Defense facilities44. This in situ 

remediation technique has been developed at UCF in conjunction with NASA, KSC, it is known 

as the Bimetallic Treatment System (BTS). In a two day period it can dechlorinate PCB 

concentrations up to 11,000 mg/kg.44 However, bimetal emulsion was adopted to be applied as a 

paste on a vertical surface of structures at Marshall Space Flight Center that were to remain in 

place. A paste of BTS was formulated by adding bulking agents to the bimetallic particles. The 

BTS paste was field tested and was shown to be capable of up to 94% removal of PCBs at a pre-

treatment concentration of 5131 mg/kg40, 45. 
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Hence the use of such mechanical alloy result in high cost due to the Pd, efforts were made 

to reduce the cost of treatment by using ZVMg and acidified ethanol active ingredients used by 

Maloney et al46. Materials containing PCBs were treated with a paste known as an activated metal 

treatment system (AMTS). The resulting treatment paste extracted PCBs from the contaminated 

material into the treatment system paste, where they are dechlorinated by the reactive metallic 

particles (acid-activated Mg in AMTS, Mg/Pd in BTS). Reduction within the paste system will 

result in less highly chlorinated PCBs and/or non-chlorinated byproducts.  

Non-metal treatment system (NMTS), is a third formulation of treatment paste, was 

developed by UCF’s Industrial and Environmental Laboratory team, comprised all components of 

AMTS or BTS but with no reactive metallic particles. NMTS has been examined extensively for its 

PCB sorptive ability and the results show same removal efficiency as AMTS. By applying NMTS, 

however, PCBs dechlorination can be accomplished in two steps: preliminary extraction of PCBs 

into NMTS paste followed by adding active Mg particles to degrade the extracted PCBs. Figure 2 

shows a general diagram for the extraction and dechlorination of PCBs in one step and in two-step 

process using NMTS and AMTS. 
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Figure 2: Schematic of remediation of PCBs contaminated building materials using NMTS 

and AMTS in A) One-step treatment, B) Two-step treatment. 

Both NMTS and AMTS were successful in removing PCBs from painted surfaces in a 

tested field sites. However, NMTS was seen to be more effective at PCB extraction from the 

surface47.  

While the main focus at the beginning of application these techniques is the treatment of 

painted surfaces, the sorptive properties of NMTS have also led to the examination of porous 

surfaces such as concrete, granite and bricks48. For these kinds of materials, new formulation of 

NMTS using PowderSorb has been developed and tested by Legron-Rodriguez for the in situ 

remediation of PCBs. This treatment system was shown to remove PCBs from contaminated field 

samples of concrete, brick, and granite48. 
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Research Objectives 

Buildings containing PCB-laden materials are causes of concern from the threat of 

contamination being spread amongst the building occupants. As opposed to PCBs in soil and 

sediments which are treatable by several remediation methods, PCB-contaminated paint and 

porous materials in buildings have limited remediation options. The overall objective of this 

research is to explore a novel in situ technique for the extraction and dechlorination of PCBs from 

a variety of building materials in non-destructive process. 

Previous studies from the University of Central Florida Environmental Chemistry 

Laboratory resulted in the formulation of a non-metal treatment system (NMTS) and an activated 

metal treatment system (AMTS) for PCB remediation. These technologies require acidified 

ethanol and d-limonene as solvents, with ZVMg in the AMTS. However, while NMTS and AMTS 

offer certain advantages in the treatment of PCBs, they are limited by rapid activity loss from 

solvent evaporation and are unable to fully extract and dehalogenate all PCBs present in field 

samples. Another limitation is that d-limonene lacks some physical properties that limit its 

applicability to remove contaminated paint completely from the surface. The primary goal in this 

work is to create new formulations of NMTS and AMTS to address all previous limitations. 

In chapter two, two new formulations of NMTS and AMTS are presented using co-solvents 

ethanol/EL, while ZVMg over activated carbon was used as a reducing agent in the AMTS. The 

objectives of this work are to determine the effect of adding EL and AC on the reductive activity 

of ZVMg, to test the proposed NMTS and AMTS in the remediation of PCBs in laboratory-

prepared paint, and to investigate the effectiveness of EL as a paint softener.   
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Chapter three is an extended laboratory study on the removal of PCBs from paint field 

samples. The effectiveness of NMTS and AMTS were tested on paint chips and building materials 

received from Old Rainier Brewery in Seattle. The second goal of this work was to determine 

whether EL can remove the treated paint layers from different porous materials received from the 

same site, including concrete, brick, and sandstone. 

 Devor et al.41 showed that the PCB dechlorination rate and mechanism depend on the type 

of protic solvent employed. Therefore, the green solvent 2-butoxyethanol was described in this 

work as a novel proton source for hydrodechlorination of PCBs. The goal of chapter four is to 

evaluate the feasibility of employing an acidified 2-butoxyethanol in the presence of ZVMg ball-

milled with and without AC to degrade PCBs in mild conditions. Complete kinetic studies for high 

and low chlorinated PCBs were conducted in this work. An additional goal was to identify the 

degradation products and propose degradation pathways for selected high and low chlorinated 

PCBs. 

A system combining acidified 2-butoxyethanol with ZVMg/AC is a novel approach to the 

hydrodechlorination of PCBs. 2-Butoxyethanol was substituted for ethanol and a marked 

improvement was observed regarding the degradation of PCBs. It is known that 2-butoxyethanol 

has surfactant properties and has potential use in removing the paint from painted structures. 

Therefore, one main advantage anticipated by using this solvent as a substitute for EL in the 

formulation of NMTS and AMTS is as a paint softener. The primary goal of chapter five is to 

describe this novel delivery system which improves degradation options available for the 

remediation of PCB-laden painted structures. The objectives were to test the 2-butoxyethanol 
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NMTS/AMTS in remediation of PCB-contaminated paint field samples, and to compare the 

effectiveness of one-step and two-step processes for paint treatment by these techniques.  

Finally, chapter six evaluates the treatment of PCB-laden concrete using acidified 

ethanol/EL NMTS/AMTS or acidified 2-butoxyethanol NMTS/AMTS via direct contact. The 

feasibility of these solvent systems, which are used for NMTS and AMTS preparation, to sorb into 

the concrete structure was investigated in this chapter.  
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CHAPTER TWO: REFOLMULATION OF TREATMENT SYSTEM 

PASTES USING ACIDIFIED ETHANOL/ETHYL LACTATE AND 

ZVMG/AC FOR THE REMEDIATION OF PCB-LADEN PAINT   

Introduction 

Poly-Chlorinated Biphenyls (PCBs) are a family of synthetic organohalides comprising 

209 congeners which were previously used as additives in paint. Building materials containing 

PCB contaminated materials are of major concern since they are a key point source. Even though 

production of PCBs in the USA has been banned since the late 1970s, their former prevalence and 

widespread use means many structures are still coated with PCB-laden paints. This contaminated 

paint can be transferred to soil and water due to renovations and weather conditions leading to 

increased concentrations24, 33. Once PCB’s enter soil and water ways, removal of these compounds 

can be difficult and expensive, so removal before these phases progress and enter the environment 

is beneficial. 

Many PCB-contaminated sites contain large structures which require demolition and 

transportation, an expensive method, if not performed correctly, can further contaminate the 

environment. There are other methods of removal such as incineration of PCB-contaminated 

material and sandblasting, but they both pose negative results. Incineration of these materials can 

produce toxic compounds such as dibenzodioxins and dibenzofurans, which can get into soil, and 

waterways36. Dust that is produced by sandblasting can also result in transportation via air currents 

and hosts26. This causes an urgent need for development of a cost-effective method to extract and 

degrade PCBs from contaminated surfaces.  
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One area that has shown great potential is the use of a Non-Metal Treatment System 

(NMTS) to extract and an Activated Metal Treatment System (AMTS) to both extract and 

dechlorinate PCBs40, 49. These technologies require acidified ethanol and d-limonene as solvents, 

with ZVMg in the AMTS. There are certain limitations encountered during the remediation of 

PCB-laden paint structures using NMTS and AMTS, such as rapid activity loss from the formation 

of oxide layers on the surface of Mg and the solvent loss. Building occupants, after treatment 

periods, still complain about the odor of d-limonene which serve as a paint softener in both 

systems.  

Nowadays, Ethyl lactate (EL) has been paid a great deal of attention as a green solvent in 

the environmental field. This solvent exhibits valuable properties such as low toxicity, relatively 

high boiling point, good biodegradability, and high solvating power50-51. It also possesses 

desorption and degradation capabilities with the removals of polycyclic aromatic hydrocarbons 

from soils. For this, EL was a strong candidate for combined extraction via NMTS and AMTS.  

New formulations of NMTS and AMTS are proposed in the present work. These 

formulations utilize a co-solvent system of acidified ethanol/ EL; while ZVMg ball-milled 

activated carbon (AC) is used in the AMTS. By coating ZVMg with AC and using acidified 

ethanol/ EL as a solvent, we gain some of the advantages on the reactivity of Mg toward PCB 

dechlorination. Both NMTS and AMTS formulations were tested in this work for the in-situ 

remediation of PCBs in laboratory-prepared paint. The ability of EL to soften the paint structure 

was evaluated. Substituting EL for d-limonene reduces the odor of treatment pastes significantly 

while still serving to soften the paint structure.  
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Experimental 

Chemicals and Materials 

PCB congeners in solid form were purchased from Accustandard (New Haven, CT), and 

used without further purification. Toluene (Optima®, 99.95%), concentrated sulfuric acid 

(Certified ACS Plus, 98.0%), potassium permanganate (Certified ACS, 99.5%), calcium stearate 

(powder, technical grade), polyethylene glycol (PEG) 8000 (Carbowax powder), and glycerol 

(laboratory grade) were obtained from Fisher Scientific (Pittsburg, PA). Absolute ethanol (USP 

grade) was obtained from Pharmco-AAPER and used without any further purification. Glacial 

acetic acid (99.8% purity), ethyl L(-)-lactate (97%) and d-limonene (stabilized, 95% purity) were 

obtained from Acros Organics, (Morris Plains, NJ). Micro-scale magnesium (2-4 μm) was 

obtained from Heart Metals (Tamaqua, PA) and activated carbon (charcoal G-60) was obtained 

from Matheson Coleman & Bell (Gardena, CA). PowderSorb was obtained from Applied Science 

and Advanced Technologies (Baton Rouge, LA). Alphagaz™ nitrogen and helium gases for use 

with GC-ECD were obtained from Air Liquide (Orlando, FL). Nylon filters (0.45 μm pore size) 

were obtained from Fisher Scientific (Pittsburg, PA). Rust Stop Enamel paint, tiles, glass canning 

jars and aluminum insulation vapor barrier were purchased commercially. 

Preparation of Ball-milled ZVMg and ZVMg/AC Bimetal 

In order to regenerate the magnesium surface or to combine magnesium powder with AC, 

a mechanically ball-milling process that was developed at UCF was employed. The process of ball 

milling starts with mixing of the powders in the right proportion (85.0 g of ZVMg or 76.5 g ZVMg 

with 8.5 g of AC) into the galvanized steel canisters along with sixteen stainless steel ball bearing 



 

18 

(1.6 cm3 diameter). The mechanical milling was done in an argon gas atmosphere using a twin arm 

paint shaker milling tool (Red Devil 5400) for 30 minutes. After each batch, the canisters were 

cleaned by shaking the ball bearings in ethanol for 15 minutes on the paint shaker and dried with 

acetone. 

Dechlorination of PCB in Co-solvent with Ball-milled ZVMg and ZVMg/AC 

Standard solution of PCB congener 153 (2,2',4,4',5,5'-Hexachloro-1,1'-biphenyl) was 

prepared by diluting the neat standard with absolute ethanol and EL (90:10). Batch experiments 

were conducted in 20 mL glass screw-top vials capped with polytetrafluoroethylene (PTFE) lined. 

These vials contain 0.25 g of ball-milled ZVMg or ZVMg/AC with 4.95 mL of 10 μg mL-1 PCB 

solution. Dechlorination experiments were initiated by adding of 50 μL glacial acetic acid. The 

vials were then placed on a Lab Companion Series K-57013 Reciprocating Shaker table (speed 

200 rpm) at 26 °C until the designed reaction time. Blank experiments without metal were carried 

out in parallel. All experiments were done in duplicate. 

Respiking experiments were carried out to examine the reactivity of the ZVMg. Herein, 

three different systems were designed and compared. 5 mL of PCB 153 in ethanol solution was 

spiked in the first system containing 0.25 g ZVMg, no EL was added in this system. Same amount 

of PCB 153 in ethanol/EL (90:10) co-solvent were added to reaction vials containing 0.25 g of 

ZVMg in the first system, and vials containing 0.25 g of ZVMg/AC in the second system. Then 

50 μL of glacial acetic acid was added to all vials to create active metal surfaces and initiate the 

dechlorination reactions. All systems were continually exposed to additional three sequential 

spiking of PCB 153 at 24 hours intervals without amending the amount of metal and the rate of 

reaction was determined for all sequential spiking.  
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pH Study 

To understand the role of including EL and AC in the degradation reaction, the pH 

variations during the first 168 hours of reaction were studied. PCB degradation was conducted in 

non-aqueous systems. Measuring the pH in the reaction vials is difficult therefore, separate 

experiments were conducted to measure the pH during time of reaction. Ethanol solvent and 

ethanol/EL co-solvent (5 mL) were added to the reaction vials containing 0.25 g of ball-milled 

ZVMg while ethanol/ ethyl lactate (5 mL) was added to the reaction vials containing 0.25 g of 

ball-milled ZVMg/AC. To all vials, 50 µL of glacial acetic acid was added to initiate the reaction. 

Using a pH meter (Accumet Research AR15), 1 mL of the reaction mixture, extracted at select 

times, and 10 mL’s of distilled water were placed into clean vials and the pH was measured. The 

concentration of hydrogen ions was back-calculated to determine the pH in the non-aqueous 

solvents. Another version of this experiment was also conducted on ball-milled ZVMg with 

varying degrees of EL in the acidified ethanol/EL. 

Preparation of The Treatment Systems   

New formulations of the NMTS and AMTS were proposed in this study. These systems 

were formulated in the same way as wet-PowderSorb paste48, except that ethanol/EL (90:10) was 

substituted in place of the ethanol and d-limonene. The weight percentage of NMTS components 

are listed in Table 1. An AMTS is prepared using one gram of ball-milled ZVMg/AC coated in 

glycerol (50:50 weight percentages). For every four grams of NMTS used, one gram of AMTS 

was added. Once combined, acidified ethanol/EL (10% glacial acetic acid (v/v)) was added in a 
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10% volume to mass ratio. This reaction mixture is very exothermic; therefore, heatproof gloves 

should be used when working with large quantities of the treatment system paste. 

Table 1: NMTS components and their corresponding percentages by mass. 

Reagent Weight Percentages % 

PowderSorb 5.5 

Calcium Stearate 11 

Polyethylene Glycol 

(PEG 8000) 

5.5 

Glycerol 5.5 

Absolute Ethanol/EL 

(90:10) 

71.5 

Glacial Acetic Acid 1 

PCB Degradation in Laboratory Prepared Paint Through NMTS and AMTS 

A 1 mL aliquot of 2500 μg/mL PCB congener 153 was combined with 0.046 kg of Rust 

Stop Enamel Paint. Six coats of paint were applied using a paint roller that was 7.5 cm wide to 10 

tile surfaces in a 46 cm2 area. There was a 24-hour time interval drying period in between each 

coat. Four tiles were treated with the NMTS and four tiles were treated with the AMTS by applying 

the treatment paste directly to the contaminated paint surfaces. Then all eight tiles were sealed with 

an aluminum vapor barrier and aluminum tape. Two tiles were left untreated as a control. All tiles 

were sampled in triplicate after one, three and seven days.  

Sample Extraction and Cleanup  

In order to extract PCBs from ethanol/EL co-solvent system or from ethanol, a liquid-liquid 

extraction was performed with equal volumes of toluene and water. The extract was then 

centrifuged at 3140-3300 rpm for 5 minutes for the ethanol-based samples, or 20 minutes for the 
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samples containing EL. A second water wash was performed for the EL-based samples and the 

supernatants were collected for analysis.  

Extraction of PCBs from treatment pastes and paint was determined based on the EPA 

Method 3550C (Ultrasonic Extraction)52. Portions of 1.0 g dried and crushed samples were 

weighed in 20 mL vials and then ultrasonically extracted into 10.0 mL toluene using a VWR 

Scientific Aquasonic Model 750D ultrasound bath. After 90 minutes, the samples were then 

transferred and centrifuged for five minutes to isolate the supernatant from the solution. Prior to 

analysis the extracted samples were sequentially treated with a one-to-one (v/v) sulfuric acid and 

one-to-one (v/v) aqueous potassium permanganate solution (5%) as per EPA Method 3665 

(Sulfuric Acid/Permanganate Clean-Up)53. The treatment pastes were subjected to an extra sulfuric 

acid wash followed by a final wash with 5% sodium bicarbonate in water to destroy any possibly 

remaining acidity. The supernatants were collected and stored for analysis as described below. 

Analysis 

A Perkin–Elmer Clarus 580 gas chromatograph equipped with an electron capture detector 

(GC-ECD) and an Agilent Technologies 5977E GC/MS system were both used in the analysis of 

the extracted and cleaned samples of PCB. Both are equipped with a Restek RTX®-5 column (30 

m x 0.25 mm i. d., 0.25 µm film thickness). In the ECD, ultra-high purity nitrogen was used at a 

flow of 30 mL/min while helium acted as the carrier gas in both instruments with a constant flow 

of 1.3 mL/min. The injector port temperature was held at 275 °C while the detector was held at 

325 °C using the GC-ECD. On the GC/MS, the injector temperature was held at 250 °C, and the 

ion source temperature was held at 280 °C.  
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PCB153 degradation was measured and confirmed via the correlation between the decrease 

in the starting material and the increase in its lower chlorinated congeners. The analytical method 

used for the measurement of PCBs was a modification of the EPA Method 8082A (Polychlorinated 

Biphenyls by Gas Chromatography)54. 2,2′,3,3′,4,4′,5,5′,6,6′-Decachlorobiphenyl (PCB 209) and 

2,2',3,4,4',5,6'-Heptachlorobiphenyl (PCB 182) were used as internal standards for GC/ECD and 

GC/MS quantitation, respectively. A five-point calibration curve (R2 ≥ 0.99) was used to determine 

the unknown concentrations of single PCB congeners. 

Results and Discussion 

Activity of ZVMg in Different Treatment Systems 

Studies were conducted to see if the incorporation of an EL into the reaction matrix would 

extend the activity of the reducing metal. These studies attempted to determine the effect of EL on 

the rate of PCB 153 degradation using ZVMg ball-milled with and without AC. Three different 

systems were proposed and the performance of metal in each system was evaluated by repeatedly 

spiking the medium with PCB 153 solution. Figure 3, Figure 4, and Figure 5 shows PCB 153 

treated with 0.25 mg of ZVMg in the presence of acidified ethanol in the first system, acidified 

ethanol/EL (90:10) in the second system, and with ZVMg over AC in the presence of acidified 

ethanol/ EL (90:10) in the third system. The kinetics of PCB 153 reduction were fit to pseudo-

first-order model for each of the four sequential re-spikes for all three systems. The values of kobs 

(the pseudo-first order apparent rate constant) were obtained in each cycle for all systems and the 

results are shown in Figure 6.  
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Figure 3: Repeated runs of PCB reduction by 0.25 ball-milled ZVMg in acidified ethanol. 

 

Figure 4: Repeated runs of PCB reduction by 0.25 ball-milled ZVMg in acidified 

ethanol/EL. 
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Figure 5: Repeated runs of PCB reduction by 0.25 ball-milled ZVMg/C in acidified 

ethanol/EL. 

 

Figure 6: Rate constants as a function of sequential spike cycle of reduction PCB153 in 

different systems. 
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As shown in Figure 3, when using acidified ethanol as a solvent (system 1), ZVMg ceased 

after two cycles and no further degradation of PCB 153 was observed within the first four hours. 

When acidified ethanol/EL is used as a solvent in the second system, full PCB degradation had 

been reached by the end of cycle 1, however, starting from cycle 2, PCB degradation was not total 

but still observed even though the end of cycle 4 (Figure 4). Complete PCB 153 degradation within 

four hours from spiking the selected congener over the four cycles was observed only with using 

ball-milled ZVMg/C in acidified ethanol/EL (Figure 5). 

The kobs values decreased for all systems with each re-spike. This is because the 

interactions between Mg and PCB is disrupted by the build-up of magnesium oxides/ethoxide 

within the solution. The kobs values does show an increasing trend in the order of system1 < system 

2 < system3. 

The Role of EL and AC 

Looking at the experimental data, the combination of co-solvent ethanol/EL and AC both 

enhances the rate of PCBs dechlorination by ZVMg and keeps the system active. To understand 

the role of EL and AC on the activity of magnesium, the pH in the previous systems as well as in 

systems containing different percentages of EL were studied and compared. ZVMg, ball-milled 

with and without AC, was observed using a scanning electron microscope (SEM) with energy-

dispersive X-ray spectroscopy (EDX). This was used before and after the dechlorination reaction 

in order to investigate the advantage of coating magnesium surface with AC. 

In the conducted studies, the pH of all systems was studied upon addition of the acetic acid 

to the systems. Figure 7 shows that the basicity of all three solutions had increased due to the 

forming of magnesium oxides/ethoxides over time. However, the ZVMg/AC containing acidified 
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ethanol/EL (90:10) stabilized the systems over an extended period. A neutralized pH solution has 

been shown to reduce the formation of MgO and Mg(OH)2 and increases the adsorbance onto the 

active sites of the magnesium metal surface55. As illustrated in Figure 8, the pH values decreased 

as EL percentage increased in the system. EL reduced the overall polarity of the solutions in our 

experiments which weak the affinity of the water molecules from air to magnesium surface and 

thus prevents formation of Mg(OH)2 keeping the surface clean56. Although high percentage of EL 

maintains the pH less basic, increasing EL more than %10 in the PCB solution is not desirable 

because of difficulties in the extraction of PCBs.  

 

Figure 7: pH values of various systems over time. 
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Figure 8: pH of ball-milled ZVMg in acidified ethanol/EL system using various percentages 

of EL over time. 

SEM was performed on samples of ball-milled magnesium particles with and without AC 

before and after their use in PCB dechlorination in acidified EtOH/ EL (90:10) (Figure 9). The 

results indicate that the abundance of oxygen and carbon relative to magnesium increase with 

exposure time due to the formation of passivating oxide/ethoxide layers on the magnesium surface. 

ZVMg without AC showed a greater abundance of oxygen and carbon comparing to ZVMg with 

AC. This can be a result of the layers of graphite offering the magnesium surface more protection.  
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Figure 9: SEM images of A) ball-milled ZVMg before the dechlorination reaction, B) ball-

milled ZVMg after reaction with PCB 153 in ethanol/ EL (90:10), C) ball-milled ZVMg/AC 

before the dechlorination reaction, and D) ball-milled ZVMg/AC after reaction with PCB 

153 in ethanol/ EL (90:10)57.  
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Degradation of PCB 153 by Ball-milled ZVMg/AC 

The sorption of many compounds including PCBs on the AC surface has been documented 

in many studies58-59. In the case of PCB, a planar adsorption onto the hexagonal AC surface is 

expected where the π cloud overlaps with the hexagonal carbons resulting in the chlorine 

substituents of the PCB lying inside the pores of the hexagonal structure. The adsorption effect is 

stronger in coplanar PCBs which exhibit torsion angle less than 90◦. The adsorption on AC may 

affect PCB degradation and analysis. They may present false depletion or unavailable at all for 

degradation if the PCBs were unable to be extracted completely or absorbed onto the carbon. 

Therefore, the mass balance during the dechlorintion time of PCB 153 by ZVMg/AC was 

calculated to ensure complete extraction of PCBs from the AC surface and to understand the effect 

of AC on the dechlorination of PCB.  

The byproducts produced in the dechlorination reaction by ZVMg/AC were confirmed by 

(GC–MS) and presented in Figure 10. A rapid decrease in the concentration of original congener 

have been done within 20 minutes. During seven days of PCB 153 dechlorination, the appearance 

and disappearance of many byproducts were observed with carbon mass balance above 80%. 

However, complete degradation to biphenyl was not accomplished after one week of reaction. The 

low conversion to biphenyl indicates that AC inhibits removal of the last chlorines in 3,3′-

dichlorobiphenyl (PCB11) and 3-Chlorbiphenyl (PCB 2) with torsion angles 36◦ for both 

congeners, a phenomenon seen in similar study on degradation PCB 26 by ZVMg/AC57. Higher 

conversion to biphenyl (%40) was achieved with degradation of PCB 153 under ball-milled ZVMg 

without AC and this can prove the adsorption effect of AC on the degradation of low chlorinated 

biphenyl in presence of ethanol/EL (Figure 11). 
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Figure 10: Distribution of product resulting from PCB 153 reduction by ZVMg ball-milled 

with AC in acidified ethanol/EL (90:10). 

 

Figure 11: Distribution of product resulting from PCB 153 reduction by ball milled ZVMg 

in acidified ethanol/EL (90:10). 
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Testing of a Novel NMTS and AMTS Pastes 

According to the previous conducted studies, ball-milled ZVMg/AC in acidified ethanol/ 

EL (90:10) was shown to hold degradation over an extended period. Thus, acidified ethanol/EL 

was utilized to generate the treatment system pastes, and ball-milled ZVMg/AC was used as an 

alternative to magnesium powder for the degradation of PCBs in AMTS. 

NMTS paste was prepared using acidified ethanol/EL (90:10) as solvents according to the 

mixing guideline outlined in Table 1. Ball-milled ZVMg/AC coated in glycerol was added to 

NMTS along with additional amount of acidified solvents to activate the system to degrade PCBs. 

All the following studies utilize both systems to extract and/ or degrade the selected congener 

standard before moving on to degrade Aroclors in field samples received from Seattle. 

Longevity of AMTS 

Another experiment was carried out to evaluate the potential long-term performance of 

AMTS. This experiment consisted of repeatedly additions of 250 µl of a 50 µg/mL solution of the 

chosen PCB congener in ethanol/EL to AMTS paste for eight cycles in 40 days. To set up this 

experiment, 150 gm of AMTS were produced in which 10 gm of the paste were transferred to a 

canning glass jar with an airtight cap. To each jar 1 mL of PCB solution was added and stirred in 

thoroughly using the tip of a Pasteur pipet. The jars allowed to sit on the benchtop for 40 days. At 

the designed time of each cycle, two jars were sampled to analyze, and the others are expose to 

new cycle of PCB addition. Degradation of PCB 153 was confirmed by the characterization (GC-

ECD) of the byproducts produced in the reaction. The results for the degradation of PCB 153 with 

the AMTS over eight cycles are presented in Figure 12. AMTS showed high efficiency for PCB 
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removal as it maintained more than %50 of its original activity even after eight cycles (Figure 12 

B). Both AC and EL keep the ZVMg in the treatment system paste active for more than one month.  

 

 

Figure 12: A) Repeated runs of PCB 153 reduction by 10 g AMTS. B) The removal 

efficiency of AMTS over eight cycles. 
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EL as a paint softener 

EL was chosen because it was assumed to be a suitable paint softener like d-limonene. Set 

of experiments were conducted to see if there is need to add d-limonene to the proposed 

formulation of treatment systems. To this end, five formulations of NMTS with varying percentage 

of d-limonene were formulated, the amount of d-limonene is displayed in the Figure 13. A 25 cm2 

area of each version of NMTS was applied to the painted tile surface via direct contact to a 

thickness of 1.27 cm. The treated tiles were then sealed with aluminum foil. After one day of the 

initial application, NMTS was removed and the paint layers were easily removed from the tiles 

surfaces and were left to dry. The paint samples were cut into small pieces and then portions of 

1.0 g were extracted in 10 mL toluene and subjected to a sulfuric acid and potassium permanganate 

cleanup. The treatment results by GC-ECD are graphically presented in Figure 13. The treatment 

pastes containing EL have been shown to soften and remove PCBs from painted tile in all NMTS 

formulations even without d-limonene. The EL within the paste allows the solvent to penetrate the 

paint layers resulting in all the layers coming off in one piece as shown in Figure 14. 
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Figure 13: Concentrations of PCB 153 in paint after one-day of treatment at varying 

percentages of d-limonene in NMTS. 

 

Figure 14: Removal of paint from tile surface after treatment. 
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Tests for remediation of PCB spiking laboratory-painted surface 

An analysis of the NMTS and AMTS ability to remove PCBs from painted surface was 

conducted on tile surface. Both NMTS and AMTS were successful in removing %99 of PCB153 

from painted tiles, with the majority occurring before the one-day sampling point. Concentrations of 

PCB153 in paint throughout the treatment process are graphically presented in Figure 15. The two 

treatment formulations showing similar effective at removing PCBs from contaminated paint. The 

average concentrations of PCB 153 in NMTS and AMTS are presented in Table 2. Most likely due 

to simultaneous dechlorination, the concentrations of PCB 153 in AMTS were below the level of 

quantification.

 

Figure 15: Concentrations of PCB 153 in paint over treatment time. 
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Table 2: Average PCB 153 concentration in dried paste at different sampling times. 

Treatment System 1 Day Concentration 

 (mg/kg of paste) 

3 Day Concentration 

(mg/kg of paste) 

7 Day Concentration 

(mg/kg of paste) 

NMTS 1.66 ± 0.01 1.78 ± 0.04 2.04 ± 0.35 

AMTS N.D. N.D. N.D. 

Conclusion 

The novel treatment systems formulation using acidified ethanol/ EL (90:10) and ball-

milled ZVMg/AC were proposed in this work. Both AC and EL enhanced the rate of the reduction 

of PCBs by ball-milled ZVMg in the treatment system. The results of laboratory testing for the 

NMTS and AMTS method demonstrates that these treatment pastes are effective for the 

remediation and degradation PCBs from coating materials. The removal efficiency was greater 

than 99% for all samples after seven days of treatment. EL which maintains the neutral pH of the 

treatment system throughout dechlorination reaction serve as paint softener in the treatment 

systems. 
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CHAPTER THREE:  AN EXTENDED LABORATORY STUDY OF NMTS 

AND AMTS USING ETHANOL/EL FOR REMIDIATION OF PCB-

CONTAMINATED PAINT FIELD SAMPLES  

Introduction 

Polychlorinated biphenyl (PCB) is an overarching label used to denote a class of 209 

congeners that were produced commercially as early as 19291. The physical and chemical 

properties of PCBs made them adaptable to use in many construction materials such as caulk, 

adhesives, paints, and floor finishes5. Despite the fact that there are no known natural sources for 

PCBs, their predominate use in synthetic materials increases the mobility of PCBs in the 

environment allowing these chemicals to enter the environmental media10, 24.  

Although these PCBs have not been used in decades due to restricted regulations, their 

former prevalence and widespread use means many structures still have PCB-containing materials. 

Among these materials, PCB-laden paints are considered the most important source for PCBs in 

the environment due to its large surface area and potential to spread to other areas through runoff 

pose a serious threat to the environment and human health24. Therefore, the removal of PCBs from 

contaminated paint is advantageous before environmental contamination can commence. 

The demolition and dismantling of the buildings covered with PCB-laden paint was not 

considered an option. Using sandblasting to remove PCB-laden paint completely could expose 

workers to unacceptable levels of PCBs and produce contaminated sand which can spread PCBs 

to surrounding areas. For this, AMTS and NMTS were suggested as treatment methods.  

It has been shown previously in chapter two of this dissertation that the NMTS and AMTS 

can successfully degrade PCBs in laboratory-prepared paint. These remediation technologies are 
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designed to extract and dechlorinate PCBs from the paint structure. Ethyl lactate (EL) works as 

paint softener in both systems which allows ethanol to dissolve and extract PCBs into the paste. 

Ball milled ZVMg coated with AC shows high dechlorination rate of extracted PCBs from paint. 

The treated paint then can be mechanically stripped, and the surface re-painted after drying. An 

extended laboratory study for the remediation of PCBs from paint field samples received from a 

site in Seattle was performed in this work. The ability of EL to remove the treated paint layers 

from concrete, brick, and sandstone materials was investigated.  

Experimental 

Materials and Chemicals 

Neat Aroclor 1260 and 1254 standards were purchased from Accustandard and their stock 

solutions were prepared in absolute ethanol (Pharmco-AAPER). Micro-scale magnesium powder 

(2-4 µm) was obtained from Hart Metals Inc and activated carbon (charcoal G-60) was obtained 

from Matheson Coleman & Bell (Gardena, CA). Toluene (Optima®, 99.95%), concentrated 

sulfuric acid (Certified ACS Plus, 98.0%), potassium permanganate (Certified ACS, 99.5%), 

calcium stearate (powder, technical grade), polyethylene glycol (PEG) 8000 (Carbowax powder), 

and glycerol (laboratory grade) were purchased from Fisher Scientific (Pittsburg, PA) and used as 

received. Glacial acetic acid (99.8% purity), and ethyl L(-)-lactate (97%) were obtained from 

Acros Organics, (Morris Plains, NJ). PowderSorb was obtained from Applied Science and 

Advanced Technologies (Baton Rouge, LA). “Dennyfoil” aluminum-backed paper vapor barrier 

was purchased through Denny Sales Co. (Pompano Beach, FL).  
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Field Samples 

Seven bags of PCB contaminated paint chips and building parts were sent to UCF from the 

site for analysis prior to the actual field study. These samples were obtained from different sites of 

seven buildings from site in Seattle. A complete description of the field samples is summarized in 

Table 3.  
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Table 3: Description of paint samples and their masses. 

Sample Descriptions Paint color Mass (gm) 

6 West Elevation 

(6WE) 

Two chips of paint Red on one side 

and beige on the 

other with some 

greyish color 

31.49 

39.41 

4 West Elevation 

(4WE) 

Two chips of paint Red on one side 

and dark beige 

on the other 

26.77 

60.03 

5 North Elevation 

(5NE) 

 

Chip of paint and two pieces of 

sandstones each of which was 

covered in two layers of paints 

The top layer 

was green with 

yellow, and the 

bottom was dark 

beige 

4.60 

34.32 

26.70 

8 North Roof 

Parapet (8NRP) 

One piece of painted sandstone The top layer 

was red, and the 

bottom layers 

were beige 

78.27 

9 South Elevator 

Shaft (9SES) 

Small painted concrete pieces Yellow paint 7.40 

3.46 

1.11 

0.83 

9 Roof Parapet Wall 

(9RPW) 

Three pieces of painted bricks The top layer 

was red, and the 

bottom was 

beige 

35.15 

26.57 

14.75 

10 South Elevator 

(10SE) 

Small piece of painted 

sandstone and paint chip 

Red in one side 

and the other 

side being beige 

27.32 

8.61 
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Production of Ball-milled ZVMg/AC 

The mechanically ball-milling process of ZVMg/AC included mixing 76.5 g magnesium 

powder with 8.5 g of AC into the galvanized steel canisters (17.80 cm length and 5.03 cm in 

internal diameter). To each canister, sixteen stainless steel ball bearing (1.6 cm3 diameter) were 

placed. The ball-milled of components were done in an argon atmosphere for 30 min using a Series 

5400 Red Devil Paint Shaker. 

Production of Treatment Systems 

NMTS can be prepared in any quantity using the same proportions outlined in Table 1. For 

the field samples received from Seattle, 280 gm of NMTS were formulated. To start, 15.4 gm of 

sorbent was coated with 15.4 gm of glycerol in 2L glass jar with an airtight lid. 30.8 gm of calcium 

stearate and 15.4 gm polyethylene glycol (8000 PEG) were transferred to the jar and mixed 

carefully by auger bit. In a separate container, 250.6 mL of co-solvent of absolute ethanol/EL 

(90:10) and 2.7 mL of glacial acetic acid were combined. The liquid mixture was then added to 

the bulking agent jar with constant mixing for few minutes to ensure homogeneity. The airtight jar 

was closed and allowed to sit for at least 2-3 hours for the NMTS to thicken before use. 

To create AMTS, 35 gm of ZVMg/AC was combined with 35 gm of glycerol and mixed 

until the metal was thoroughly coated with glycerol. This mixture was then added to NMTS paste 

and at this point the mixture has a new mass of 350 gm. The liquid containing 3.5 mL of glacial 

acetic acid and 31.5 mL of co-solvent ethanol/EL was added to the jar. 
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Initial Analysis of Field Samples 

Upon the receipt of the first set of field samples, 1.0 gm of paint from each sample was 

collected and analyzed to determine the concentration of PCBs. The samples designated 5NE and 

9SES were not analyzed prior to the treatment due to the small mass of paint; therefore, the 

respective concentrations of PCBs given by the supplier were used as baseline values. 

Application of Treatment Systems 

For the first and second samples (6WE and 4WE), four rectangles of 6.35 cm by 7.62 cm 

were drawn on the painted surface, leaving approximately 1.27 cm between squares. The area 

around each rectangle was then covered with aluminum tape. Each area was kept separate from 

those around it to mitigate any interference from the surroundings. Figure 16 and Figure 17 below 

show field sample 6WE and a schematic of the treatment plan. Paint samples were designated 2D 

or 5D for two or five days of treatment, respectively, while N and A indicate NMTS and AMTS, 

respectively. Two sections per sample (S1 and S2) were also designated as “spares”, to be used to 

replace one of the other samples if problems occurred during application or sampling. A 0.5-inch 

thick template was used to apply the treatment paste onto the sample areas then carefully removed. 

Aluminum foil was applied to cover the treatment paste with an additional margin, and then all 

four sides were sealed with aluminum roofing tape (Figure 18). The treatment systems were stored 

on a bench top at ambient conditions for two, five, and seven days prior to analysis. 
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Figure 16: Building 6WE samples prepared for treatment. 

 

Figure 17: Photos of treatment on paint surfaces A) NMTS placed in the surface. B) AMTS 

placed in the surface. 
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Figure 18: Photo of sealed treatment systems with aluminum foil and aluminum tape. 

The remaining five samples (5NE, 8NRP, 9SES, 9RPW, and 10SE) were treated with 

NMTS applied to the painted surfaces via direct contact. The treatment systems were sealed with 

aluminum foil and aluminum tape and remained in contact with the paint samples for five or seven 

days prior to analysis. 

Sampling was conducted by removing the foil layer protecting the treatment system and 

collecting the treatment system for analysis. Paint samples without substrate were then cut around 

the treatment area to facilitate paint removal, while paint samples on concrete or brick substrates 

were manually removed using a paint scraper. To remove any residual paste on the paint surfaces, 

the paint was wiped with denatured alcohol. 
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Analysis 

Concentrations of PCBs present on paint and treatment paste samples were analyzed using 

a Perkin–Elmer Clarus 580 gas chromatograph equipped with an electron capture detector (GC-

ECD) and an Agilent Technologies 5977E GC/MS system. Both equipped with a Restek RTX®-

5 column (30 m x 0.25 mm i. d., 0.25 µm film thickness). Ultra-high purity nitrogen was used as 

the ECD makeup gas at a flow of 30 mL/min. Alphagaz™ helium acted as the carrier gas in both 

instruments, a constant flow of 1.3 mL/min was set. On the GC-ECD, the injector port temperature 

was maintained at 275 °C and the detector temperature was maintained at 325 °C. On the GC/MS, 

the injector temperature was 250 °C, and the ion source temperature was 280 °C.  

A modification of EPA Method 8082A (Polychlorinated Biphenyls by Gas 

Chromatography) was used for quantitation of PCBs54. In accordance with this method, 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. PCB 209 was used as the internal standards for GC/ECD and GC/MS quantitation, 

respectively.  

Results and Discussion 

Treatment of First Set of Field Samples  

Initial extractions of PCBs from the paint samples into toluene found all samples to be 

contaminated with Aroclor 1254 and Aroclor 1260. Measurements with error bars were conducted 
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in duplicate; measurements without error bars reflect loss of a duplicate sample during cleanup. 

The results from each building are discussed below. 

Treatment of paint chips 

The 6WE paint samples were found to be contaminated with high concentrations of PCBs. 

The average concentration of the baseline samples was 23,900 ± 4,600 mg PCB/kg paint. Upon 

removal, each layer of the paint was very soft and pliable, each layer easily being removed from 

the others in one piece. This indicates that both treatment pastes are effective paint softeners and 

allow a good deal of solvent to enter the paint. Figure 19 below shows the results of treatment of 

these paint chips with NMTS and AMTS. Both of treatment systems were comparable in removing 

% 45- 68 of the PCBs in which the majority of PCB removal in the paint occurred within two days.  
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Figure 19: 6WE PCB levels in paint at analysis time points. 

Figure 20 illustrate the concentration of PCBs in the treatment system pastes. The NMTS data 

consistent with the predicted behavior of PCB extraction as the PCB concentration in the paint 

decreases over time while the PCB concentration of the treatment system paste increases. The 

metal which initiated degradation in AMTS samples kept the PCB concentration lower than the 

NMTS. However, PCB concentration in AMTS samples continues to rise within treatment period, 

indicating that sorption processes have overtaken dechlorination processes. NMTS was more 

effective at removing PCBs.  
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Figure 20: 6WE PCB level in treatment system at analysis time points. 

In building 4WE, it is important to note the variation in the concentration of PCBs in the 

two baseline samples designated 4WE: the concentration of PCBs in one sample was 21,095.85 

mg PCB/kg paint while the other one was 18 mg PCB/kg paint. The large deviation for these type 

of samples is expected because PCB concentrations on aged structures often is not homogenous 

even within small distances of sampling points24. This result indicates that the building surface 

was either not evenly coated with paint containing PCBs, that the PCBs have migrated into the 

adjacent substrate or the external environment, or that the PCB-laden paint layers had deteriorated 

in some areas over time.  

Figure 21 shows the samples for building 4WE prior to analysis and after one week of 

treatment with NMTS. After removing the NMTS and AMTS paste the paint samples were very 

soft and the layers were easily separated. Concentrations of PCBs in the red and beige paint layers 
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throughout the treatment process were measured separately and the detected concentration was 

below the regulated limit (Figure 22).  

 

Figure 21: Removal of PCBs from painted surfaces of 4WE. A) Samples prior to analysis, 

B) Samples after one week of analysis shows paint elasticity after treatment. 

  

A B 



 

50 

  

Figure 22: 4WE PCB levels in paint at analysis time points 

Treatment of painted sandstones 

Painted sandstones were collected from three buildings in Old Seattle Brewery: 5NE, 

10SE, and 8NRP. Figure 23 shows the samples for building 5NE and 10SE prior to analysis and 

after one week of treatment with NMTS. In sampling the NMTS paste, it was noted that some of 

the beige paint stuck to the underlying substrate and the residual paint was quite difficult to remove 

by scraping (Figure 24 B, 24 D). The 5NE sandstones covered with paint had the highest 

concentration of 231,000 mg Aroclor/kg paint. The NMTS was seen to have the capability of 

reducing PCB concentrations in painted pieces to 16,560 ± 3 mg PCB/kg over the course of seven 

days of treatment (Figure 24). Similar results seen in 10SE samples where the PCB concentrations 

in paint significantly decreased after seven days of treatment and 90% of the initial PCB 

concentration was removed (Figure 25). 
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Figure 23:  Removal of paint/PCBs from painted sandstones samples. A) 5NE samples 

prior to analysis, B) 5NE samples after one week of analysis, C) 10SE samples prior to 

analysis, D) 10SE samples after one week of analysis.  

 

 
Figure 15: 10SE samples a) prior to treatment, b) after treatment 

B A 

C D 



 

52 

 

Figure 24: 5NE PCB levels at analysis time points. 

 

Figure 25: 10SE PCB levels at analysis time points. 
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Compared to the 6WE samples, where PCBs were removed around 68%, and the PCB 

concentrations in paint from the 10SE averaged around 92.83.8% removal even they had close 

PCB concentrations. This is most likely due to the difference in physical properties of the paint. 

The NMTS successfully removed the majority of PCBs from painted sandstones surfaces 

within one week but the treatment results of 8NPR samples deviated from this trend. Figure 26 

shows that 138% of the PCB initial concentration is present on the paint surface after seven days 

of treatment which indicates the underlying pieces is likely contaminated with PCBs. The solvent 

in the treatment system penetrated both the paint and the porous surface of sandstone to draw the 

PCBs to the paint surface, a phenomenon seen in similar studies on remediating porous painted 

surfaces48-49. 

 

Figure 26:  8NRP PCB levels at analysis time points. 
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Treatment of painted concrete 

Small sizes (between 2cm to 4cm) of concrete painted surface samples was received from 

the contaminated site corresponding to sample set 9SES (Figure 27 A). Treatment for seven days 

with NMTS resulted in a 52.5% decrease in PCB concentration in the paint, as can be seen in 

Figure 28. Although the underlying materials became wet after treatment and the yellow paint 

became pliable, scraped off paint for sampling was difficult since the paint still adhered to the 

concrete substrate (Figure 27 B). We noted that for painted concrete pieces, which were allowed 

to dry after paste removal instead of being scraped away, allowed the paint to regain its former 

appearance and adhesion to the concrete. 

 

Figure 27: Removal of PCBs from painted surfaces of 9SES. A) Samples prior analysis, B) 

Samples after one week of treatment. 
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Figure 28: 9SES PCB levels at analysis time points. 

Treatment of painted brick  

The remediation in 9RPW samples occurred on bricks painted with PCB-contaminated 

paint. PCB concentrations in paint and the treatment system from sample 9RPW except for the 

day 5 paint and AMTS samples which were not included due to the lack of samples are displayed 

in Figure 29. In this building, the PCB concentrations in paint samples increased after five and 

seven days of treatment, like the results seen in building 8NRP. This suggests that the underlying 

brick may have been contaminated and the PCBs drawn through the brick to the paint by the 

treatment system. 
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Figure 29:  9RPW PCB levels at analysis time points. 

Study limitations 

In our study, it was shown that the PCBs could be effectively removed by both NMTS and 

AMTS. However, reduction of PCBs amount in the received paint samples from Seattle to the 

concentration <50 mg/kg was not achieved due to the elevated concentration of PCBs. Moisture 

content of the NMTS and AMTS pastes were evaluated after removing from the field samples to 

insure sufficient solvent is present in the paste. After one week of treatment, all pastes were still 

moist indicates that they were still active for extraction and degradation of PCBs. Therefore, it was 

suggested that the PCB removal process for these samples should exceed seven days to achieve 

more extraction and degradation of PCBs. PCB contamination is not homogenous on the paint 

surface of some samples that we analyzed, more statistical analysis needs to be done to have a 

more precise and accurate results. To address these limitations, more samples were received from 

the Seattle site to: 
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• Evaluate the length of time that treatment systems need to be applied to achieve 

extraction of the PCBs from samples with high concentrations of PCBs. 

• Evaluate the ability of NMTS for complete removal of all layers of paint from 

underlying materials. 

Treatment of Second Set of Field Samples  

Remediation of painted surfaces 

To test the ability of NMTS for removing all layers of paint coated with different type of 

substrates and to evaluate the length of time that the paste need to apply to reduce PCB contents 

under 50 mg/kg, our lab received another paint samples from Old Seattle Brewery. These samples 

were obtained from different sites of three buildings. 

For initial evaluation, 1 gm of crushed paint was collected from each sample and 0.25 

inches masonry drill bit was used to sample 0.5 gm of the concrete, sandstone, and bricks at depth 

from 0.0 – 0.5 inches from uncovered side of substrate. The paint and substrate samples were 

extracted and analyzed for PCBs. The initial results indicate all samples were contaminated with 

PCB mixtures including Aroclor 1254 and 1260, of which ranged from 24,095 to 104,291 mg/kg 

in paint and from 92.1 to 14,537 mg/kg in substrate materials (Table 4).  
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Table 4: Description of samples from building sites and their initial PCB concentrations. 

Sample # Substrate 

material 

Initial Conc. 

of PCBs 

(mg/kg) 

Paint color Initial 

Conc. of 

PCBs 

(mg/kg) 

6 West elevation 

(6WE) 

Bricks 157 ± 0.60 Red on beige 24,095 ±  

2459 

 

7 West elevation center 

(7WEC) 

NA NA Red on beige on 

grayish 

48,406  

7 West elevation south 

(7WES) 

Sandstones 272 ± 10.7 Dark red on beige 34,609 ±  

2923 

 

9 North parapet wall 

(9NPW) 

Bricks 92 ± 4.60 Red on beige 31,759 ±  

1681.1 

 

9 Center parapet wall 

(9CPW) 

Concrete 14,537 ± 1137 Red on beige 26,952 ±  

1753 

 

9 South Parapet Wall 

(9SPW) 

Concrete 261 ± 7.74 Red on beige 61,577 ±  

12008 

 

9 South Elevator Shaft 

(9SES) 

Concrete 794 ± 350 Yellow on beige 104,291 ±  

9991 

 

Since all paint samples had high concentration of PCBs they were treated under the same 

conditions where a 0.5 in (thickness) of NMTS was applied to each sample, aluminum foil was 

used to cover the treatment paste with an additional margin, and then all four sides were sealed 

with aluminum roofing tape. The treatment systems were stored on a bench top at ambient 

conditions for one week prior to analysis. Later, another NMTS treatment was applied under the 

same conditions described previously for an additional week.  

Weekly concentrations of PCBs present on paint and underlying samples were analyzed by 

GC-MS. PCBs concentration in the paint over treatment time are graphically presented in Figure 

30 while Table 5 shows the results from concrete, sandstones, and bricks. 
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Figure 30: PCB levels in different samples from second set of field samples at analysis time 

points. 

Table 5: PCB concentration on substrate materials from building sites before and after 

treatment. 

Sample # 

Initial Con. 

 

1st treatment 

 

2nd treatment 

 Average 

% Removal 
(mg Aroclor /kg) 

6WE 

 (brick) 

157 ± 0.60 94.9 ± 38.6 24.4 ± 6.22 84.5 

7WES 

(sandstone) 

272 ± 10.7 132 ± 0.27 49.1 ± 3.50 81.9 

9NPW 

(brick) 

92.1 ± 4.60 47.2 ± 8.00 N.D. 100 

9CPW 

(concrete) 

14,537 ± 1137 3154 ± 72.80 1063 ± 51.2 92.7 

9SPW 

(concrete) 

261 ± 7.74 136 ± 53.2 48.3 ± 10.4 81.5 

9SES 

(concrete) 

794 ± 350 581 ± 39.3 267 ± 24.6 66.4 

N.D. Not detectable 
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Paint samples and underlying materials (concrete, bricks, and sandstone) from all of the 

received materials were extracted in toluene and ethanol, respectively after one and two weeks of 

exposure to NMTS. Analysis shows that approximately 10-23% of the original PCB concentration 

remained on paint surface (Figure 30) and from 0-7 % remained on underlying materials (Table 

5). Most of the concentration of substrate materials were brought below the action limit by the end 

of week 2, however, 9CPW and 9SES results deviated from this trend due to the possibly high 

concentration of PCBs in the original materials. This also can explain the increasing in the 

concentration of the paint surface in sample collected from building 9 CPW after one week of 

treatment. 

Condition of paints after treatment 

Figure 31-33 show three different field samples prior to analysis and after one and/or two 

weeks of treatment with NMTS. After one week of treatment the outer and inner layers of brick’s 

paint were very soft, however, they needed to be scraped off to remove all the contaminated paint 

from the surface (Figure 31 B and C). Regarding the paint covered concrete Figure 32 shows the 

sample for building 9CPW prior to analysis and after two weeks of treatment with NMTS. The 

outer red paint was completely removed leaving the inner beige paint on the surface of concrete 

even after scraping the material. Although the concrete surface under the layers of paint was wet 

with extraction solvent, the paint layer was hard to scrape due to the porous structure of concrete. 

Similar results were observed after two weeks treatment of sample 7WES where the outer layers 

of paint came off in one piece and the inner beige paint stayed on the sandstone surface (Figure 33 

B and C). The inner beige layers were softened however, complete removal wasn’t achieved from 
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the sandstone piece. As it was being sampled, the beige paint had a consistency similar to that of 

gum, deforming easily and adhering to the removal tools. 

 

 

Figure 31: Removal of PCBs from painted surfaces of 9NPW. A) Samples prior analysis, B) 

Brick sample after one week of analysis, C) Paint elasticity after treatment.  
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Figure 32: Removal of PCBs from painted surfaces of 9CPW. A) Samples prior treatment, 

B) Concrete sample after two weeks of treatment. 
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Figure 33: Removal of paint/PCBs from painted surfaces of 7WES. A) Samples prior to 

analysis, B) Sandstone sample after one week of analysis, C) Paint elasticity after 

treatment. 
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Conclusion 

The described field samples study has been an invaluable step towards the progression of 

the NMTS and AMTS proof of concept from laboratory studies to large scale application. The 

components of NMTS removed PCBs from paint while the ZVMg/AC in AMTS initiated PCB 

degradation. NMTS and AMTS were capable of reducing the PCBs in painted materials up to 94% 

with the greatest removal occurring within one week. One of the challenges of this was the 

adhesion of paint to the underlying material surfaces and the inability of EL to achieve complete 

removal to the all layers of paint. Therefore, new solvent should be used to remove the paint 

completely. The starting concentration of the paint was shown to be an important factor when 

considering the period of treatment by NMTS or AMTS. Structures with high PCB concentrations 

should be better suited for more than one-week treatment, while paint containing low 

concentrations of PCBs could be remediated within one week. 
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CHAPTER FOUR:  DECHLORINATION OF PCB 153 AND PCB 28 WITH 

ZVMG AND ZVMG/AC IN ACIDIFIED 2-BUTOXYETHANOL 

Introduction 

Polychlorinated biphenyls (PCB) with the generic formula C12HnCl10-n are typical 

persistent organic compounds that were introduced in the environment at the end of 1920s1. 

Thermal oxidation of PCBs requires strict control of reaction conditions because it usually results 

in the formation of highly toxic compounds such as polychlorinated dibenzodioxins/dibenzofurans 

(PCDDs/PCDFs). The high energy associated with this technique makes it prohibitively 

expensive. Therefore, the development of safe and cost-effective remediation techniques is 

considered a major challenge.  

Reductive dechlorination, or reduction in number of chlorine atoms present, offers a 

promising in situ strategy for successful remediation of PCB. Replacing chlorines on the biphenyl 

with hydrogens converts PCBs to less chlorinated products, which is desirable since these low 

chlorinated compounds show decreased toxicity and are more susceptible to aerobic metabolism60. 

The use of zero-valent metals (ZVMs) is a chemical reduction that effectively offers in situ 

remediation of PCBs. Degradation by ZVMg is one of the most favorable techniques of PCB 

reduction due to magnesium’s advantages compared to other ZVMs such as zinc and iron. This 

metal displays a thin oxide shell allowing access to the surface, as a result the dechlorination by 

Mg continues even after exposure to oxygen41. This is particularly advantageous in comparison to 

metals such as iron, which form a prohibitive oxide layer.  

Previous studies conducted at the Industrial Environmental Laboratory at UCF have 

examined ball-milled ZVMg as well as ZVMg ball-milled with activated carbon (ZVMg/AC) or 
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palladium (ZVMg/Pd) and their ability to dechlorinate different PCBs in the presence of acidified 

ethanol; all systems achieved good degradation of PCBs. These results were employed to create in 

situ remediation of PCB-impacted building materials. In order to overcome the limitations of this 

technique due to the evaporation of ethanol, a new system utilizing acidified 2-butoxyethanol was 

proposed to enhance the dechlorination of PCBs. 

 2-Butoxyethanol is an environmentally sound solvent which belongs to the glycol ether 

group, having the chemical formula BuOC2H4OH (Figure 34). This solvent fall in the polar solvent 

category due to the presence of two functional groups: alcohol and ether. 2-Butoxyethanol is 

commonly used as a solvent for paints and surface coatings, as well as cleaning products and ink. 

Other known applications of this solvent are in consumer products such as cosmetics (hair dyes, 

nail polishes removers and skin cleansers) and food additives, as well as pharmaceuticals61-62. 2-

Butoxyethanol has received FDA approval and is also approved by the EPA as a primary ingredient 

in COREXIT® 9527, an oil dispersant used to combat the environmental disaster caused by the 

Deep Water Horizon oil spill63.  With a Partition percentage of 83.93% in water and 0.05%-0.04% 

in soil and sediment, 2-butoxyethanol has a higher preference to aqueous environments. The 

lifetime of 2-butoxyethanol is roughly 20 days after which almost 80% of it degrades into carbon 

dioxide and water63-64.   
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Figure 34: Molecular structure of 2-butoxyethanol. 

 

As a green solvent, 2-butoxyethanol was chosen in this work to be a novel proton source 

for hydrodechlorination of PCBs. The overall goal here is to evaluate the feasibility of employing 

acidified 2-butoxyethanol in the presence of ZVMg ball-milled with and without AC to degrade 

PCBs in mild conditions. PCB 153 and PCB 28 were used as models for a high chlorinated and a 

low chlorinated PCB, respectively. Kinetic irregularities seen during the reaction of PCB 

degradation studies conducted in 2-butoxyethanol were investigated. An additional goal was to 

identify the degradation products and propose degradation pathways for high and low chlorinated 

PCBs. 

Experimental 

Chemicals and Materials 

Neat PCB congeners in solid form were acquired from Accustandard (New Haven, CT), 

and stock solutions were prepared in 2-butoxyethanol. Glacial acetic acid (≥99.8) was purchased 

from Acros Organics through Fisher Scientific. Optima® grade toluene was obtained from Fisher 

Scientific. Micro-scale un-milled magnesium (2-4 μm) was obtained from Heart Metals (Tamaqua, 

PA) and used as received. Activated carbon (charcoal G-60) was obtained from Matheson 

Coleman & Bell (Gardena, CA). Nylon filters (0.45 μm pore size) were obtained from Fisher 

Scientific (Pittsburg, PA). 
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Preparation of Ball-milled ZVMg and ZVMg/AC Bimetal 

A mechanically ball-milled ZVMg/AC was prepared by mixing o 76.5 g ZVMg with 8.5 g 

of AC in the galvanized steel canisters. The materials were milled with sixteen stainless steel balls 

of 1.5 cm diameter having a total mass of 261.15 g, using a twin arm paint shaker milling tool 

(Red Devil 5400) for 30 minutes in argon atmosphere. Ball-milled ZVMg was prepared in a similar 

procedure using 85.0 g of ZVMg powder. 

Dechlorination of PCBs in 2-butoxyethanol 

A solution containing 10 µg mL-1 of PCB 153 or 20 µg mL-1 of PCB 28 were prepared in 

2-butoxyethanol. A 20 mL glass screw-top vials containing 4.95 mL of individual PCB solution, 

0.25 of ZVMg or ZVMg/AC and 50 µL of glacial acetic acid were conducted. These vials were 

placed on a Lab Companion Series K-57013 Reciprocating Shaker table (speed 200 rpm) at 26 °C 

until the designed extraction time. All experiments were done in duplicate and blank experiments 

without metal were carried out in parallel.  

Sample Extraction and Analysis  

Exactly 5 mL of toluene was added to each vial and the mixture was shaken for 2 minutes 

by hand. The mixture then was transferred into a 40 mL vial and 12 mL of mixture containing 0.3 

M of sulfuric acid and 6.3 M of acetic acid was added to the vial in order to protonate the ether-

oxygen in 2-butoxyethanol. Then 5 mL of distilled water was transferred into the vials and the 

mixture was then shaken by hand for 2 minutes followed by centrifugation for 20 min. Two more 

water washes were performed for the top organic layer which was collected and dried over Na2SO4. 
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The extracted samples were filtered and collected in clean 4 mL glass screw-cap vials for further 

analysis.  

Analysis of the extracted samples were performed on an Agilent Technologies 5977E 

GC/MS system, using an RTX-5 column (30 m, 0.25 mm i.d., 0.25 µm film thickness). The carrier 

gas was Alphagaz™ helium supplied at a constant flow of 2 mL/min and an average gas velocity 

of 51.016 cm/s. The injector and the ion source temperatures were 250 ◦C, and 280 ◦C, 

respectively. An initial oven temperature of 120 ◦C was used, and then ramped up to 320 ◦C. 

Identification of each of the single PCB congeners was based upon the retention times of known 

standards and verified via their mass spectrum. PCB concentrations were determined as per EPA 

Method 8082A (Polychlorinated Biphenyls by Gas Chromatography) in which a single peak area 

was used to quantify single congener concentrations. 

Computational Methods 

Molecular geometry and energy levels were calculated using the Gaussian 09 package with 

optimization and frequency calculations for each structure. The DFT/B3LYP 6-31 + G(d,p) basis 

set was chosen with static and dynamic dielectric constants set to 9.3 and 2.02, respectively. 

Additionally, the proposed reaction pathway was verified by intrinsic reaction coordinate (IRC) 

calculations employed on transition states between reactants and products. 

Results and Discussion 

Because of the electron withdrawing group ether, 2-butoxyethanol is highly acidic solvent 

making 2-butoxyethanol an attractive proton source in reductive reactions. Therefore, the 

combination of 2-butoxyethanol with ZVM have led to induce a dehalogenation chemical reaction 
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of PCBs. The reaction between ball-milled ZVMg or ZVMg/AC and an acidified PCB/2-

butoxyethanol solution is characterized by the production of biphenyl, magnesium 2-butoxyethoxide 

and magnesium chloride (Figure 35). 

 

Figure 35:Dechlorination reaction of PCBs in acidified 2-butoxyethanol. 

Efficacy of the System for Dechlorination of High Chlorinated Biphenyls  

PCB 153 was chosen as a model compound of high chlorinated PCBs, in order to test the 

efficiency of using 2-butoxyethanol solvent in reduction reactions. A dechlorination study of PCB 

153 was conducted in an acidified 2-butoxyethanol solution with ZVMg and ZVMg/AC at room 

temperature. Full degradation of a 10 µg mL-1 of PCB 153 was accomplished within 30 minutes 

under ZVMg. Faster degradation in 20 minutes for same amount of PCB 153 was done in the 

presence of AC (Figure 36). 
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Figure 36: Comparison of the degradation of PCB 153 with the ZVMg, and ZVMg/AC of 

treatment in acidified 2-butoxyethanol. 

Dechlorination of PCB 153 rate constants 

A kinetic study of PCB 153 in an acidified 2-utoxyethanol system was carried out in the 

presence of ball-milled ZVMg with and without AC. Pseudo-first order kinetic plots of each 

reaction are shown in Figure 37. The reaction of ZVMg/AC and PCB 153 yielded faster kinetics 

than the reaction with ball-milled ZVMg. The pseudo-first order PCB dechlorination rate constants 

were determined from the rate of the parent congener disappearance.  For the reaction with 

ZVMg/AC the pseudo-first order rate constant was k = 0.1459 min-1 while the value for the reaction 

with ZVMg was k = 0.0431 min-1. 
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Figure 37: Pseudo first order plot of the degradation of PCB 153 using ZVMg and 

ZVMg/C in an acidified 2-butoxyethanol. 
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Identification and characterization of PCB 153 degradation products 

Mass spectrometry (GC–MS) analysis revealed that the degradation of PCB 153 yielded 

six byproducts in both reactions. Figure 38 and Figure 39 summarize the product distribution 

analysis of the chemical reduction of PCB 153 with ZVMg and ZVMg/AC in acidified 2-

butoxyethanol, respectively. The mass balance at each sampling point was calculated as the ratio 

of the total PCB congeners measured to the initial PCB mass measured in the system.  

 

Figure 38: Distribution of product resulting from PCB 153 reduction by ZVMg in acidified 

2-butoxyethanol. 
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Figure 39: Distribution of product resulting from PCB 153 reduction by ZVMg/AC in 

acidified 2-butoxyethanol. 

Schematic of the proposed dechlorination pathway for PCB153 by ZVMg and ZVMg/AC 

in acidified 2-butoxyethanol in Figure 40 based on all byproducts observed at different times of 

the reaction over seven days by GC-MS. The green arrows indicate the pathway of the byproducts 

detected in these reactions. The congeners indicated in other two pathways represent the expected 

congeners based on the degradation results by acidified ethanol/EL. Interestingly, PCB 118 and its 

byproducts PCB 70 and PCB 67 were not detectable in this case even though they were observed 

when ethanol//EL was used as a solvent. PCB 101 is a plausible dechlorination product of PCB 

153 indicating that the removal of chlorines in position para is preferable. This outcome is expected 

due to the dechlorination of the meta and para-chlorines resulting in the elimination of co-planer 

like congener. Further dechlorination of PCB 101 resulted in the formation of PCB 52, and a 

plausible dechlorination product of the detected tetra congeners is 2, 3', 5-Trichlorobiphenyl (PCB 

26) followed by the formation of 3, 3′-dichlorobiphenyl (PCB 11). The later, was converted after 
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24 hours to form 3-chlorobiphenyl (PCB 2), and then the final product of the dechlorination 

reactions is biphenyl. 

 

Figure 40: Schematic of the proposed dechlorination pathway for PCB 153 by ball-milled 

ZVMg or ZVMg/C in acidified 2-butoxyetanol based on degradation products observed. 
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Experimentally, the degradation products of PCB 153 that has been detected by GC-MS 

were confirmed by computational studies. The activation energies were calculated using ZVMg as 

a reduced metal and 2-butoxyethanol as solvent, though AC was still present within the solution it 

was omitted to simplify the calculations. The activation energies for each dichlorination reaction 

are presented in Table 6.  

Table 6: The activation energies of PCB 153 dechlorination by ZVMg in acidified 2-

butoxyethanol. 

Pathway 1 Ea (kcal/mol) Pathway 2 Ea (kcal/mol) Pathway 3 Ea (kcal/mol) 

153 to 101 21.481 153 to 118 25.775 153 to 118 25.775 

101 to 52 21.175 118 to 70 22.334 118 to 67 22.429 

52 to 26 27.958 70 to 26 23.212 67 to 26 21.538 

26 to 11 26.473 26 to 11 26.473 26 to 11 26.473 

11 to 2 29.569 11 to 2 29.569 11 to 2 29.569 

2 to biphenyl 30.072 2 to biphenyl 30.072 2 to biphenyl 30.072 

Ea Activation energy 

As can be seen in this table, the activation energies for removal chlorine from para positions 

are lower than the removal of ortho positions’ chlorines. For example, the activation energy of 

formation PCB 101 by removal chlorine in para position is lower than the removal of chlorine 

from the ortho chlorine, and this prove the detection of PCB 101. The higher activation energy for 

removal the chlorine ortho from PCB 153 to form PCB 118 (25.78 kcal/mol) compared to the 

activation energy corresponding to the formation PCB 118 using ethanol/EL (23.65 kcal/mol) 

explain why it was not detected experimentally in the case of using 2-butoxyethanol. In conclusion, 

it seems that the activation energy remains lower with the dechlorination of congeners 

encompassing a torsion angle close to 90◦ compared to the ones that are more coplanar. 
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Efficacy of the System for Dechlorination of Low Chlorinated Biphenyls 

To ensure that complete dechlorination is achieved over time by this new system 2, 4, 4’- 

trichlorbiphenyl (PCB 28) was exposed to the same conditions as PCB 153 and the degradation 

kinetics were studied over time by GC-MS. The change of PCB 28 concentration vs. reaction time 

is graphically shown in Figure 41. The degradation of PCB 28 occurred within the first 24 hours 

in both systems with a slightly faster reduction using ZVMg/AC. The combination of acidified 2-

butoxyethanol with ZVMG removed PCB 28 from the initial 20 µg mL-1 to almost 2 µg mL-1 for 

24 hours while complete transformation was achieved over ZVMg/AC.  

 

Figure 41: Comparison of the degradation of PCB 28 with the ZVMg, and ZVMg/AC of 

treatment in acidified 2-butoxyethanol. 
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Dechlorination of PCB 28 rate constants  

Previous kinetic studies conducted on low chlorinated biphenyl has shown a pseudo-first 

order reaction in the presence of excess ZVM in different solvent systems include alcohols and co-

solvent system41, 57. A similar trend was observed in the present systems in this study, Figure 42 

shows a pseudo-first order decay model with respect to the disappearance of PCB 28. The reaction 

with ball-milled ZVMg/AC yielded faster kinetics than the reaction with ball-milled ZVMg. This can 

be explained by the fact that AC can facilitate the activation process leading to improve the reaction 

kinetics of Mg64. The pseudo-first order rate constants obtained were k = 0.2866 h-1 for the reaction 

with ZVMg/AC and k = 0.1225 h-1 for the reaction with ZVMg. 

 

Figure 42: Pseudo first order plot of the degradation of PCB 28 using ZVMg and 

ZVMg/AC in an acidified 2-butoxyethanol. 
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Identification and characterization of PCB 28 degradation products 

Degradation of PCB 28 in 2-butoxyethanol by ZVMg and ZVMg/AC was confirmed by 

the disappearance of the parent congener and appearance of low chlorinated byproducts through 

GC–MS. The characterization of degradation products and the calculated mass balance at each 

sample point over one week are shown in Figure 43 and Figure 44. Time intervals between 5 and 

24 hours and between 72 and 120 hours were omitted since the preliminary studies showed that 

no significant change in the concentration at these time intervals. A 90% conversion to biphenyl 

were obtained with ZVMg or ZVMg/AC in the presence of acidified 2-butoxyethanol. 

 

Figure 43: Distribution of degradation products resulting from PCB 28 reduction in 

acidified 2-butoxyethanol over ZVMg. 

  

0

0.2

0.4

0.6

0.8

1

1.2

0 30 60 180 300 1440 2880 4320 7200 10800

m
o
le
s/
m
o
le
sₒ

Time (minutes)

BP

PCB 1

PCB 3

PCB 7

PCB 8

PCB 15

PCB 28



 

80 

 

Figure 44: Distribution of degradation products resulting from PCB 28 reduction in 

acidified 2-butoxyethanol over ZVMg/AC. 

Based on the above results, the reductions of PCB 28 by ZVMg with and without AC in 

acidified 2-butoxyethanol proceeds through the pathway outlined in Figure 45. Dechlorination of 

PCB 28 preferentially removes para-chlorines leading to form 2,4-dichlorobiphenyl (PCB 7) and 

2,4’-dichlorobiphenyl (PCB 8). However, low concentration of 4,4’-dichlorobiphenyl (PCB 15), 

which resulted from removal ortho chlorine of PCB 28, was observed in both reactions. Two 

isomers of monochlorobiphenyl (PCB 1 and PCB 3) were produced before the formation of 

biphenyl.  
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Figure 45: Schematic of the proposed dechlorination pathway for PCB 28 by ball-milled 

ZVMg or ZVMg/C in acidified 2-butoxyetanol based on degradation products observed. 

Three pathways were proposed for the degradation of PCB 28 by ZVMg and ZVMg ball-

milled with AC incorporated in acidified 2-butoxyethanol. The congeners concentration in 

pathway 1 (green arrows) and pathway 2 (red arrows) are generally higher than those in the third 

pathway with black arrows. Chlorine removal may take place at favorable sites that minimize steric 

hindrance which explain the appearance of 4,4′-Dichlorobiphenyl (PCB 15) within three hours 

before other di-congeners. However, the dominant congeners resulting from substituting the first 

chlorine in PCB 28 with hydrogen were 4,4′-Dichlorobiphenyl PCB 15 and 2,4′-Dichlorobiphenyl 
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(PCB 8), while 2,4-Dichlorobiphenyl (PCB 7) was close to the limit of quantification and was not 

detected with using ZVMg/AC. This observation was supported by calculating the activation 

energies of each dechlorination step (Table 7). From PCB 28 to PCB 15 or PCB 8 the activation 

energies were 26.556 and 26.915 kcal/mol, respectively, versus 28.432 kcal/mol for PCB 28 to 

PCB 7. 

Table 7: The activation energies of PCB 28 dechlorination by ZVMg in acidified 2-

butoxyethanol. 

Pathway 1 Ea (kcal/mol) Pathway 2 Ea (kcal/mol) Pathway 3 Ea (kcal/mol) 

 28 to 15 21.481 28 to 8 26.916 28 to 7 28.433 

15 to 3 21.174 8 to 3 27.727 7 to 3 27.204 

3 to biphenyl 28.643 8 to 1 28.501 7 to 1 27.540 

  1 to biphenyl 28.215 

 

1 to biphenyl 28.215 
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Conclusion 

A PCB dechlorination reactions with ZVMg and ZVMg/AC in acidified 2-butoxyethanol 

(biodegradable and eco-friendly solvent) under ambient conditions were developed in this study. 

These reactions were applied for the dechlorination of PCB 153 and PCB 28, and high efficiencies 

were obtained. Contrary to ethanol/EL, 2-butoxyethanol system effectively removed all chlorines 

from either high chlorinated or low chlorinated PCBs to form biphenyl as the main byproduct even 

in the presence of AC. Therefore, a significance advantage of this system is the fact that it can be 

used as a combined process involving extraction of PCBs by 2-butoxyethanol, followed by 

reduction with ZVMg or ZVMg/AC. This method provides an attractive option for the in situ 

treatment of PCBs-containing building materials. Test the effectiveness of this method on the 

dechlorination of PCBs in actual PCB-laden paint or concrete is presented in the following 

chapters. 
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CHAPTER FIVE: LABORATORY EVALUATION OF NMTS AND AMTS 

USING 2-BUTOXYETHANOL FOR REMEDIATION OF PCB-

CONTAMINATED PAINT FIELD SAMPLES 

Introduction 

PCBs contamination has become a significant environmental concern due to its toxicity 

and proven harmful effects to humans and animals. These probable cancer-causing compounds 

were banned for any future production by the TSCA in 1979. However, PCB materials were 

applied to a large number of buildings built or renovated from the 1950s through 1970s. Studies 

have confirmed that these buildings still contain PCBs in such products as paint, wood floor 

finishes, and sealing materials and the PCB levels exceed limits on authorized uses established by 

US regulations22. Soil contamination adjacent to the building can also result from decay of PCB-

containing construction materials. Furthermore, volatilization of PCBs into the air and as dust can 

spread the threat of PCB contamination amongst the building occupants. 

Traditional remediation methods for building materials, such as landfill and high 

temperature incineration, can be cost-prohibitive, infeasible over large buildings, and produce 

highly toxic compounds associated with incomplete incineration. Thus, the development of in situ 

remediation methods has received great attention. Reductive dechlorination of PCBs to 

biodegradable and less toxic products has been an area of significant interest over the past 30 years. 

Current research has determined that acidified 2-butoxyethanol can be employed in a 

hydrodechlorination reaction of PCBs through the use of ball-milled zero-valent magnesium 

(ZVMg) particles. It is known that 2-butoxyethanol has surfactant properties and has potential use 

in removing multiple layers of unwanted paint from painted structures. Therefore, this is one of 
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the main advantages expected to be gained by using this solvent as a substitute for EL in the 

formulation of NMTS and AMTS as paint softener. This work introduces the development of two 

delivery systems for effective deployment of this treatment reaction to field samples. Two 

treatment systems formulated in this process, the Non-Metal Treatment System (NMTS) and the 

Activated Metal Treatment System (AMTS), are capable of extracting or extracting and degrading, 

respectively, trapped PCBs within a variety of building materials.  

The proposed NMTS and AMTS are comprised of an absorbent matrix with thickening 

agents solvated by 2-butoxyethanol, while ZVMg ball-milled with activated carbon (AC) functions 

as a reducing agent in the AMTS. 2-Butoxyethanol in both systems is not only used to extract 

PCBs from the paint structure and provide a hydrogen source for the degradation of PCBs, but is 

also used to remove multiple thick layers of heavily weathered paint. The objectives were to test 

the 2-butoxyethanol NMTS/AMTS in the remediation of PCB-contaminated paint samples and to 

compare the effectiveness of one-step and two-step processes for PCB-laden paint remediation by 

these techniques. Because the treatment system effectiveness is a function of contact time, keeping 

the paste moist for an extended period to ensure continued extraction and degradation is desirable. 

Therefore, the evaporation rate of the solvent in this system was measured. An additional objective 

is to evaluate the ability of this new formulation to adhere to the vertical surfaces on which it will 

eventually be applied. 
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Experimental 

Chemicals and Materials  

Neat Aroclor standards were purchased from Accustandard and stock solutions of Aroclor 

1260 and 1254 were prepared in absolute ethanol (Pharmco-AAPER). Micro-scale magnesium 

powder (2-4 µm) was obtained from Hart Metals Inc and activated carbon (charcoal G-60) was 

obtained from Matheson Coleman & Bell (Gardena, CA). Toluene (Optima®, 99.95%), 

concentrated sulfuric acid (Certified ACS Plus, 98.0%), potassium permanganate (Certified ACS, 

99.5%), calcium stearate (powder, technical grade), polyethylene glycol (PEG) 8000 (Carbowax 

powder), and glycerol (laboratory grade) were purchased from Fisher Scientific (Pittsburg, PA) 

and used as received. Glacial acetic acid (99.8% purity) was obtained from Acros Organics, 

(Morris Plains, NJ). PowderSorb was obtained from Applied Science and Advanced Technologies 

(Baton Rouge, LA). “Dennyfoil” aluminum-backed paper vapor barrier was purchased through 

Denny Sales Co. (Pompano Beach, FL).  

Field Samples 

Another set of building materials impacted with PCBs were sent from site in Seattle in 

order to test the 2-butoxyethanol-NMTS/AMTS. These samples include four bags of paint chips 

and building materials which were collected from the exterior walls of three buildings in the site. 

Table 8 present description of the received samples. 
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Table 8: Pretreatment conditions of field samples. 

Sample Description 

6 West Elevation  

(location 1) 

Three large chips of paint, each red on one side, 

beige on the other with some greyish color. Three 

pieces of brick each covered in same paint. 

 

6 West Elevation  

(location 2)  

Two large chips of paint, each red on one side and 

dark beige on the other. Four pieces of brick each 

covered in red paint. Red paint is easily removed 

from beige layer in large strips; beige paint generally 

adheres more strongly. 

 

18 South Elevation  Three large pieces of concrete with various small 

fragments each covered in two layers of paint: top 

layer green with yellow, bottom dark beige. Each 

layer binds strongly to the next; layers are difficult to 

isolate. 

 

20 East Elevation  Eight pieces of concrete each coated with two layers 

of paint: top layer black, bottom beige. Paint is firmly 

adhered to concrete and resists separation. 

 

Production of Ball-milled ZVMg/AC 

The mechanically ball-milling process of ZVMg/AC included mixing 76.5 g magnesium 

powder with 8.5 g of AC into the galvanized steel canisters (17.80 cm length and 5.03 cm in 

internal diameter). To each canister, sixteen stainless steel ball bearing (1.6 cm3 diameter) were 

placed. The ball-milled of components were done in an argon atmosphere for 30 min using a Series 

5400 Red Devil Paint Shaker. 

Production of Treatment Systems 

NMTS can be prepared in any quantity using the same proportions outlined in Table 1. For 

the field samples received from Seattle 280 g of NMTS was formulated. To start, 15.4 g of sorbent 

was coated with 15.4 g of glycerol in 2L glass jar with airtight lid. 30.8 g of calcium stearate and 
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15.4 g polyethylene glycol (8000 PEG) were transferred to the jar and mixed carefully by auger 

bit. In a separate container, 250.6 mL of 2-butoxyethanol and 2.7 mL of glacial acetic acid were 

combined. The liquid mixture was then added to the bulking agent jar with constant mixing for 

few minutes to ensure homogeneity. The airtight jar was closed and allowed to sit for 30 minutes 

for the NMTS to thicken before use. 

To create AMTS, 35 g of ZVMg/AC was combined with 35 g of glycerol and mixed until 

the metal was thoroughly coated with glycerol. This mixture was then added to NMTS paste and 

at this point the mixture has new mass of 350 g. The liquid containing 3.5 mL of glacial acetic acid 

and 31.5 mL of 2-butoxyethanol was added to the gar. 

Treatment Procedure 

For evaluation of initial PCB concentrations, a small section of each paint sample was 

scraped off of its associated substrate and 1 g of this crushed paint was collected from each sample. 

A 0.25 inch masonry drill bit was used to sample 0.5 gm of the underlying material at depths from 

0.0 – 0.5 inches from the exposed side of the substrate. The paint and substrate samples were 

extracted using 10 mL of toluene and 5 mL of ethanol, respectively, then analyzed for PCBs. 

All samples were treated using the same conditions; first each sample was divided into 

regions with aluminum roofing tape (for samples comprised of multiple small pieces, samples were 

instead divided into groups). Then, a layer of 0.5 in thick NMTS or AMTS was applied to each 

section and sealed in place with aluminum roofing tape around a layer of aluminum foil. The 

treatment systems were stored on a bench top at ambient conditions for two weeks. Sampling was 

conducted by removing the foil layer protecting the treatment system and collecting the treatment 

system for analysis. Paint samples without substrate were then cut around the treatment area to 



 

89 

facilitate paint removal, while paint samples on concrete or brick substrates were manually 

removed using a paint scraper. To remove any residual paste on the paint surfaces prior to 

sampling, the paint was wiped with denatured alcohol. Half of the treated samples were tested after 

one week of exposure to NMTS and AMTS and the other half were sampled after two weeks of 

treatment. 

Extraction and Clean up 

For extraction PCBs from different building materials, a measured 1 gm of dried paint and 

NMTS/AMTS and a portion of 0.5 gm of concrete/brick powder was ultrasonically extracted in 

10 mL toluene and 5 mL ethanol, respectively (EPA Method 3550C)52. After sonication, all 

samples were centrifuged for five minutes and the supernatants were then cleaned up using EPA 

Method 3665 (Sulfuric Acid/Permanganate Clean-Up)53.  

Analysis of Aroclor 

Samples were diluted as appropriate and analyzed through gas chromatography with mass 

spectrometry an Agilent Technologies 5977E GC/MS system equipped with an autosampler. 

Separation of PCBs was performed on a 30 m Restek RTX®-5 column (0.25 mm i. d., 0.25 µm 

film thickness). The carrier gas in this instrument was Alphagaz™ Helium with a constant flow set 

to 1.3 mL/min. The injector temperature set to 250 °C. Full scan mode was used to run the MS 

where the ion source temperature set to 280 °C. 

To quantify PCBs, a modification of EPA Method 8082A (Polychlorinated Biphenyls by 

Gas Chromatography) was used in which the concentration of Aroclor was determined by the 
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summing the peak areas of the five most prominent peaks54. The internal standard PCB 209 was 

added for quantitation purposes.  

Solvent Evaporation Rate Studies  

Three types of NMTS were prepared using different solvents: one with ethanol/d-limonene, 

one with ethanol/EL, and one with 2-butoxyethanol. The metal with square shape in Figure 46 was 

used to mold each formula. That was eventually placed on a pre-weighed watch glass. Each sample 

resulted in a thickness of 1.6 cm with the surface area of the NMTS being 69 cm2. A Denver 

Instruments A160 balance was used to monitor the mass of each sample, then the change in mass 

causes by evaporation of the respective solvent was noted. 

 

Figure 46: Square shape metal used to mold NMTS. 

Adherence of the Treatment System Paste 

One of the qualitative performance objectives is an even, consistent, and durable 

distribution of paste on the surface to be treated. This was evaluated by assessing the adherence of 
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a 0.5-inch thick layer of the NMTS to a tile surface over the time period of treatment. The paste 

was evenly applied to the tile by hand using a form with a depth of 0.5 inches. The paste was 

applied at intervals over the course of one week with the time after mixing recorded for each 

application. Paste formulations were stored in sealed containers between mixing and application. 

Each paste was visually inspected daily over the course of another week to determine whether it 

was able to adhere to the surface when held vertically. For this, five different formulations of 

NMTS beside the standard formula were prepared by increasing the concentration of 2-

butoxyethanol in the system while reducing the relative concentrations of other components (Table 

9). 

Table 9: Composition of six different formulations of NMTS. 

 Mass percentage (%) 

1 2 3 4 5 6 

PowderSorb 5.5 5 4.5 4 3.5 3 

Calcium Stearate 11 10 9 8 7 6 

PEG 8000 5.5 5 4.5 4 3.5 3 

Glycerol 5.5 5 4.5 4 3.5 3 

2-butoxyethanol 71.5 74 76.5 79 81.5 84 

Glacial acetic acid 1 1 1 1 1 1 
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Results and Discussion 

Treatment of Field Samples  

Initial extractions of PCBs from the paint samples into toluene found that the samples to 

be contaminated with mixture of Aroclor 1254 and Aroclor 1260 except samples collected from 

18 east elevation building. The degradation of PCBs in each building are discussed below. 

Treatment of 6 west elevation paint samples  

Two different bags were sent from building 6 west elevation where the samples collected 

from two different locations. Figure 47 shows the samples for building 6 west elevation from 

location 1 and location 2 prior to analysis and after one week of treatment with NMTS and AMTS.  
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Figure 47: 6 west elevation samples A) Samples collected from location 1 prior to 

treatment, B) Samples collected from location 1 after one-week treatment with NMTS, C) 

Samples collected from location 2 prior to treatment. D) Samples collected After one-week 

treatment with AMTS. 
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Figure 48: 6 west elevation samples after one-week treatment with AMTS. 

After treatment complete removal of all layer of paint from brick was achieved (Figure 47 

B and D). The red layer and all inner beige layers were peeled off from the brick as one piece when 

treatment pastes were removed. Due to the high density of AMTS, the paint was adhered to the 

AMTS as shown in Figure 48. Portions of paint, NMTS, and AMTS (1 gm each) were analytically 

weighed into vials and extracted. The weekly samples were analyzed to determine the PCB 

concentrations left on the surfaces (Figure 49 and Figure 50). 
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Figure 49:Average PCB concentrations in 6 west elevation 1 paint over treatment time. 

 

Figure 50: Average of PCBs concentration in 6 west elevation 2 paint over treatment time. 
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The initial PCBs identified in paint samples varied greatly in concentration between the 

two locations and even between two samples collected from same location. Analyzing indicated 

that concentrations varied from 10698.16 to 107051.90 mg/kg paint. The large deviation in initial 

concentration of PCB is expected on historical structures where either the contaminated layer(s) 

of paint had flaked off or migrates in surrounded areas over time or the surface was not evenly 

coated with PCB-impacted paint. This result in variation of PCB concentration even within small 

distances of sampling points24.  

As can be seen from Figure 49 and Figure 50, after one week of treatment approximately 

89% of the PCB initial concentration was removed from the paint, after two weeks of treatment 

another 10% of the initial PCB concentration was removed. In total 99 % of the initial PCB 

concentration was removed from the contaminated surface with just two weeks of treatment.  

Figure 51 illustrates the concentration of PCBs in the treatment system pastes as a function 

of treatment time. The NMTS data demonstrates that PCB extraction continues over the course of 

treatment as the PCB concentration in the paint decreases while the PCB concentration of the 

treatment system paste increases. The AMTS concentrations remained predictably low, while the 

paint concentration continued to decrease, indicating that the sorption and dechlorination processes 

worked in parallel with the Mg/AC continuing to degrade the collected PCBs. Previous studies 

with ethanol as solvent demonstrated an accumulation of PCBs in the AMTS as treatment 

progressed for several weeks. Contrary to 2-butoxyethanol, this accumulation indicates that the 

ethanol AMTS suffers reduced efficiency and reactivity over time as the solvent evaporates. It is 

important to note that one advantage of using 2-butoxyethanol as solvent is this significant increase 

in the effectiveness of AMTS in removing PCBs from paint, to a level comparable with the NMTS.  
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Figure 51: Average PCB concentration in 6 west elevation treatment systems over time. 

Treatment of 20 east elevation paint   

Figure 52 shows the samples for building 9NPW prior to analysis and after one week of 

treatment with NMTS. In sampling the NMTS paste, it was noted that both layers of paint (black 

and beige) came off in one piece with the paste. Only a thin layer of beige paint remained on the 

crack of the concrete, however this layer was very soft and easy to remove by spatula. The weekly 

analysis PCB concentration is presented in Figure 53.  
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Figure 52: 20 East Elevation samples A) Prior to treatment, B) After one-week treatment 

with NMTS. 

 

 

Figure 53: Average of PCBs concentration in 20 east elevation paints over treatment time. 
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The NMTS and AMTS were seen to be capable of reducing PCB concentrations in painted 

concrete pieces from 31,551 ± 5138 mg PCB/kg paint to 2170 ± 386 mg PCB/kg paint over the 

course of two weeks of treatment by NMTS. Higher reduction to 1244 ± 59 mg PCB/kg paint was 

achieved by utilizing AMTS. This evidence supports that the one-step remediation process can be 

applied by using 2-butoxyethanol AMTS even with highly concentrated structures, like those seen 

in the Old Brewery Rainer samples. 

The PCB contamination in this group of painted concrete samples was not limited to the 

paint surface. Initial analysis of the concrete indicated that Aroclors were present in the underlying 

materials of building 20 east elevation (40.76 mg/kg concrete) while PCBs were not detected in 6 

west elevation brick samples. However, after application the treatment systems for two weeks the 

concentration was dropped to 13.91 ± 0.42. 

Treatment of 18 south elevation paint 

From the initial evaluation, Aroclors were not detectable in all paint and concrete samples 

that collected from this building. This suggest that by the time of sampling, previous renovation 

work on building 18 south elevation had removed PCB-laden building materials  

or mixtures of PCB were not homogenous at the time they were applied. However, both treatment 

systems (NMTS and AMTS using 2-butoxyethanol) were applied to these samples in order to 

investigate the ability of the new formulations to remove the paint from the underlying materials. 

Figure 54 shows the samples prior to analysis and after one week of applying NMTS and AMTS.   



 

100 

 

 

Figure 54: 18 South East samples A) Prior to treatment, B) After one-week treatment with 

NMTS, C) After one-week treatment with AMTS. 

Another important advantage of using 2-butoxyethanol as solvent in the treatment system 

formulations is complete removal of all paint layers from brick and concrete surfaces after 5 days 

of treatment. Alternative removal methods are typically limited to such harsh treatments as 

sandblasting, which not only have the potential to damage underlying surfaces, but will effectively 

A B 
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volatilize any remaining PCB contamination as the resultant dust is spread, creating a greater 

hazard for remediation crews. The Table 10 below shows the conditions of each paint sample after 

the course of seven days of exposure to treatment systems. 

Table 10: Post-treatment conditions. 

Sample Description 

6 West Elevation   

(location 1) 

The paint was removed in one, soft layer with no 

residual paint left on the brick. 

 

6 West Elevation 

(location 2) 

The paint was removed in one, soft layer with no 

residual paint left on the brick. 

 

20 East Elevation 

 

The paint was, for the most part, removed in a single, 

soft layer. Residual paint on concrete had to be 

removed with a spatula. 

 

18 South Elevation The paint was, for the most part, removed in a single, 

soft layer. Very little of residual paint on concrete had 

to be removed with a spatula. 

 

Treatment Systems’ Solvent Evaporation Rate 

The solvent is of utmost importance to the treatment system because it is crucial for the 

removal of PCBs from the contaminated material as well as their degradation. The structures to be 

remediated by these systems are on a much larger scale than can feasibly be replicated in the 

laboratory. Field use will require longer application times as well as direct exposure to the 

elements, necessitating improved sealing measures and potentially longer sealant times. Therefore, 

studying how long the treatment system stays adequately solvated before sealing is very important. 

However, the evaporation rate of each treatment system is more complex than the evaporation of 

a pure solvent due to the various components present, as well as the relationship between the 

solvent and the treatment system surface.  
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It has been proven that the surface area of the treatment system affects the evaporation rate 

of its solvent, therefore, all three formulas of NMTS in this study had the same surface areas and were 

the same thickness. Figure 55 shows the rate of evaporation when ethanol, ethanol/EL (90:10), and 

2-butoxyethanol were used as solvents in the NMTS formula. When 2-butoxyethanol is used in 

the formulation the paste stays moist for 21 days, however, when EtOH:EL is used the paste dries 

out and loses efficiency after 5 days. These results favor use of treatment systems with 2-

butoxyethanol, which has a much higher boiling point, as it may not require a vapor barrier during 

remediation.    

 

Figure 55: Evaporation tracking of the solvent used for NMTS. 
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Adherence of the Treatment System Paste to Vertical Surface 

Table 11 shows the results of paste system adherence when each tile was held vertically. 

NMTS incorporating 71.5%, 74% and 76.5% 2-butoxyethanol showed rapid and steady adherence 

within 30 minutes. As the percentage of solvent increased, the time needed for the paste to cure 

after mixing in order to sufficiently adhere without running down the surface also increased: 

treatment pastes containing 79% solvent needed more than 1 hour to stick to the tile surface. By 

increasing the solvent percentage to 81.5%, or 84% of the total mass, the formulations stuck to the 

tile after 24 and 48 hours respectively. 

This behavior is especially important when compared with that of ethanol- or ethanol/EL-

based systems, which had a more watery consistency and required at least two hours of cure time 

in a sealed container prior to adhesion to the surface. The molecular structure of 2-butoxyethanol 

is significant in this regard, with its alcohol head group being hydrophilic and its alkyl tail being 

lipophilic. The same properties which make 2-butoxyethanol a good surfactant provided the 

desired adherence in the paste formulations. 
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Table 11: Adherence observations of different NMTS Formulations. 

 Standard 1 2 3 4 5 

30 min + A + + - B - - 

1 hour + + + - - - 

3 hours + + + + - - 

5 hours + + + + - - 

1 day + + + + + - 

2 days + + + + + + 

3 days + + + + + + 

6 days + + + + + + 

7 days + + + + + + 

Plus and minus are time point observations 

A: Plus represents paste stuck to tile when vertical 

B: Minus represents paste ran down tile when vertical 

  



 

105 

Conclusion 

Non-destructive and eco-friendly in situ treatment systems were proposed in this work. 

New NMTS and AMTS formulations were developed by replacing the solvent with an alternate 2-

butoxyethanol in order to increase the treatment efficiency on the PCB contamination removal. 

Application of these new treatment systems on a set of paint chips and building materials impacted 

with high concentration of PCBs from the field site promoted good adherence to the treated 

surfaces resulted in complete removal of all contaminated layer of paint. The PCBs’ degradation 

was greater than 99% of the initial concentration after course of two weeks of treatment. The use 

of acidified 2-butoxyethanol and ZVMg over activated carbon permitted the extraction and 

destruction of PCBs from on-site in one-step treatment, therefore, no need to transport 

contaminated materials from the site. Furthermore, ability to treat PCBs without needing to destroy 

the building or structure so that the option exists for reuse of the building or structure.  
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CHAPTER SIX: REMEDIATION OF POLY-CHLORINATED BIPHENYL 

CONTAMINATED CONCRETE USING NON-METAL AND ACTIVATED 

METAL TREATMENT SYSTEMS 

Introduction 

Polychlorinated biphenyls (PCBs) are a group of synthetic aromatic compounds that were 

historically as ideal additives to building materials such as industrial paints, caulking, and other 

sealants as their properties enhanced structural integrity1. Though they have since been banned, 

their extensive use has resulted in transport of PCBs from the original primary sources to adjacent 

materials such as concrete structures24-25.  

PCB contamination of concrete has been documented especially in industrial facilities 

where PCB-bearing organic liquids were employed, and leaks or spills occurred over time65. The 

organic liquid has ability to penetrate the concrete below the surface to different levels based on 

the amount of liquid spilled, the time of contact, and the ability of the liquid to wet the concrete25.  

The transport of organic liquid in concrete is influenced by the viscosity of liquid, and 

capillary forces66. Viscous is the dominant forces when the organic liquid start spilling, however, 

once the organic liquid spreads these forces decrease. Another factor affecting the movement of 

the liquids is capillary forces, which is a responsible for the entrapment of the organic liquid in the 

porous medium. Consequently, any compound exists in the organic liquids can be strongly 

adsorbed and entrapped in the pores of concrete67. PCBs entrapped in the pores of concrete can be 

made available at the concrete surface either by volatilization, or transport with the liquid if a new 

spill occurs.  
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PCB-contaminated concrete has become a primary concern for the environment due to 

PCBs' toxicity and carcinogenic nature. While necessary to protect the environment and health of 

building occupants, remediation of the contaminated concrete is an expensive and difficult process. 

Current methods of handling PCB contamination concrete include physical removal of concrete 

and disposal them as hazardous waste68, concrete encapsulation, and chemical cleaning, each of 

which come with unique challenges. Mechanically removing concrete from structures by 

sandblasting, shot blasting, scabbling and scarification often result in the generation of large 

quantities of additional waste, and control of dust to prevent cross-contamination is extremely 

difficult which can spread PCBs to surrounding areas69. Disposing of large structures is expensive 

considering licensed landfill costs are often based on the amount of contaminated material. 

Encapsulated concrete with one or more layers of epoxy coatings can be ineffective and more 

complicated due to cracks and expansion joint. In addition, the chemical cleaning techniques 

achieved PCB removal only from the first inch of concrete and leach-back of PCBs occurred within 

days after cleaning for all samples due to bleed-back of PCBs25. Therefore, development of a cost-

effective technology capable of PCB decontamination from concrete materials is of great interest.  

Previous studies from this research laboratory resulted in the formulation of a nonmetal 

treatment system (NMTS) to be applied to porous material surfaces and sealed to minimize 

evaporation. Acidified ethanol is used as a solvent for the remediation of PCBs in this technology, 

it can penetrate the concrete surfaces and enter the pore space within concrete to desorb the PCBs 

into NMTS paste. Combining the NMTS from concrete treatment with zero-valent magnesium 

(ZVMg) successfully degraded the extracted PCBs48.  
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The objective of this study was to investigate the feasibility of ethanol, which is used for 

NMTS and AMTS preparation, to sorb into the concrete structure. This investigation encompassed 

the absorption of ethanol-associated PCBs into laboratory-prepared concrete over time and at 

different distances from the source. Other solvent systems such as absolute ethanol/ethyl lactate 

(ethanol/EL) and 2-butoxyethanol were also tested as alternatives to ethanol. In addition, the ability 

of the acidified ethanol/EL NMTS and acidified 2-butoxyethanol NMTS to transport PCBs out of 

concrete were determined. Combining the NMTS with zero-valent magnesium over activated 

carbon (ZVMg/AC), thereby generating new formulations of AMTS, successfully extracted and 

degraded PCBs from PCB-laden concrete. 

Experimental 

Chemicals and Materials 

PCB congeners in solid form were purchased from Accustandard (New Haven, CT), and 

used without further purification. Toluene (Optima®, 99.95%), concentrated sulfuric acid 

(Certified ACS Plus, 98.0%), potassium permanganate (Certified ACS, 99.5%), calcium stearate 

(powder, technical grade), polyethylene glycol (PEG) 8000 (Carbowax powder), and glycerol 

(laboratory grade) were obtained from Fisher Scientific (Pittsburg, PA). Absolute ethanol (USP 

grade) was obtained from Pharmco-AAPER and used without any further purification. Glacial 

acetic acid (99.8% purity), ethyl L(-)-lactate (97.0%) and 2-butoxyethanol (99.0%) were obtained 

from Acros Organics, (Morris Plains, NJ). Micro-scale magnesium (2-4 μm) was obtained from 

Heart Metals (Tamaqua, PA) and activated carbon (charcoal G-60) was obtained from Matheson 

Coleman & Bell (Gardena, CA). PowderSorb was obtained from Applied Science and Advanced 
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Technologies (Baton Rouge, LA). Alphagaz™ nitrogen and helium gases for use with GC-ECD 

were obtained from Air Liquide (Orlando, FL). Nylon filters (0.45 μm pore size) were obtained 

from Fisher Scientific (Pittsburg, PA). America Portland cement, sand, gravel, and aluminum 

insulation vapor barrier were purchased commercially. 

Production of Ball-milled ZVMg/AC 

The mechanical ball-milling process of ZVMg/AC included mixing 76.5 g magnesium 

powder with 8.5 g of AC into the galvanized steel canisters (17.80 cm length and 5.03 cm in 

internal diameter). To each canister, sixteen stainless steel ball bearing (1.6 cm3 diameter) were 

placed. The ball-milled of components were done in an argon atmosphere for 30 min using a Series 

5400 Red Devil Paint Shaker. 

Concrete Preparation  

Fresh concrete mixture was prepared in the laboratory according to Civil Engineering 

department at UCF. America Portland Cement Type I was used as cementitious materials and sand 

was used as fine aggregate. Gravel with the particle size of 0.093-0.183 inch was used as coarse 

aggregate in the preparation of concrete mixture. The masses of cement, sand and gravel in the 

mixture are 300, 300 and 600 g, respectively, and the water-to-cement ratio equals 0.50. After 

being mixed, part of the mixture was casted in silicon molds with the dimensions of 1 × 1 × 3 inch3 

(Figure 56 A), and the other part was casted in wood molds with the dimensions of 1 × 1 × 6 inch3 

(Figure 56 C). All molded specimens were cured by lightly wetting the surface with water two to 

three times a day for one month. At the age of 30 days, the specimens were taken out to sorption 

experiments. 
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Figure 56: Casting concrete into A) Wood mold and C) Silicon mold. Concrete bars made 

with B) Wood mold and D) Silicon mold. 
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Sorption Experiments of Organic Solvent-associated PCB into Concrete 

To study the absorption of ethanol as well as to incorporate the PCBs into the lab-made 

concrete, 20 lab-made concrete bars with length 6 inches and 3 bars with length 3 inches were 

used. Each concrete bar was immersed in a 100 mL Pyrex beaker containing 20 mL of PCB 153 

in ethanol (200 µg mL-1), with the PCB solution surface 0.5 inch higher than the lower surface of 

the bars as shown in Figure 57. Two experiments were conducted to compare the effectiveness of 

different solvent systems as alternatives to ethanol in which 3 bars were immersed in 20 mL 

PCB153 in ethanol/ethyl lactate (90:10) and 3 bars were immersed in 20 mL of PCB 153 in 2-

butoxyethanol for four weeks. The beakers were put in a 2-L glass canning jar with an airtight cap 

and sealed by Parafilm®. The jar was then placed on a bench at ambient conditions. At the 

scheduled times, concrete specimens were taken out and dried in an oven which was maintained 

at 50 °C for 24 hours, then cooled overnight at room temperature. Eight of the PCB-laden concrete 

bars were kept for treatment experiments, and the remaining bars were sampled for PCB 

concentration.  

 

Figure 57: Schematic of sorption experiments of organic solvent-associated PCB into the 

concrete. 
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Preparation of Treatment Systems 

The treatment of PCB-contaminated concrete in this study was performed through four 

different formulations each consisting of calcium stearate, ethylene glycol, PowderSorb, and 

glycerol. These formulations were further divided based on whether they were intended to remove 

PCBs (NMTS), or to remove and degrade PCBs (AMTS). In the first formulation of NMTS, 

ethanol/EL (90:10) was used as solvent, while 2-butoxyethanol was used in the second formulation 

of NMTS. The two AMTS formulations were prepared by combining ball-milled ZVMg/AC 

coated by glycerol with the NMTS using either acidified ethanol/EL or acidified 2-butoxyethanol. 

Treatment with Ethanol/EL NMTS/AMTS and 2-butoxyethanol NMTS/AMTS  

Of the concrete pieces containing PCB prepared for treatment, half were treated with 

ethanol/EL treatment system pastes (NMTS and AMTS) and the other half were treated with 2-

butoxyethanol treatment system pastes by direct contact at one end of the bar, covering the first 

0.5 inches of depth (Figure 58 A). The treatment systems were sealed with aluminum foil and 

aluminum tape and then covered by plastic bags (Figure 58 B and C). The treatment systems were 

in contact with the concrete for two weeks. Both pastes were used to determine if there was a 

difference in the maximum distance that the PCBs were withdrawn from the concrete based on the 

treatment system solvent. 
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Figure 58: A) NMTS was applied to the laboratory-prepared concrete containing PCB via 

direct contact. B) NMTS were sealed with aluminum foil and tape, C) All treatment system 

and concrete were sealed with plastic bag. 
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Sampling of Concrete  

Concrete bars were sampled according to the EPA standard operating procedure for PCB 

contaminated porous surfaces70. A 10 in. Drill Press with Laser (Ryobi) equipped with LED light 

and adjustable work platform was used to pulverize the concrete into powder. Concrete bars were 

drilled at distances of 0, 1, 2, 3, 4 and 5 inches from the position of the source of PCB or the 

position of treatment paste (Figure 59). At each distance, surface samples were drilled to a depth 

of 0.25 inches below the surface using a 0.5-inch carbide drill bit. The concrete powder for each 

surface sample was taken from all four sides of bar and homogenized. The core samples were drilled 

from one side of the bar at depth from 0.25 to 0.5 inches into the material by 0.25-inch carbide drill 

bit.  

 

Figure 59: A) Sampling diagram for PCB-laden concrete with drilling at 0, 1, 2, 3, 4, and 5 

inches. B) Post-sampling concrete showing depth of core samples. 

Sample Extraction and Cleanup  

Extraction of PCBs from concrete or NMTS/AMTS was accomplished according to EPA 

Method 3550C (Ultrasonic Extraction)52. Samples of 1.0 g of dried NMTS/AMTS or 0.5 g of 

concrete powder were sonicated for 90 minutes in 10 mL of toluene or 5 mL of ethanol, 

respectively, using a VWR Scientific Aquasonic Model 750D ultrasound bath. After sonication, 

samples were centrifuged, and the supernatants were isolated. Toluene/PCB extracts were washed 
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with DI water and required no further extraction. The ethanol/PCB solutions were extracted with 

equal volumes of toluene and water. All extracted samples were 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 solution53. 

Analysis 

The analytical instruments used for the quantitative analysis of extracted and cleaned 

samples of PCB congeners were a Perkin–Elmer Clarus 580 gas chromatograph equipped with an 

electron capture detector (GC-ECD) equipped with a Restek RTX®-5 column (30 m x 0.25 mm 

i.d., 0.25 µm film thickness). Ultra-high purity nitrogen was used as the ECD makeup gas at a flow 

of 30 mL/min and helium acted as the carrier gas, a constant flow of 1.3 mL/min was set. The 

injector port temperature was held at 275 °C and the detector was at 325 °C.  

The analytical method used for quantitation of PCBs was a modification of EPA Method 

8082A (Polychlorinated Biphenyls by Gas Chromatography)54. 2,2′,3,3′,4,4′,5,5′,6,6′-

Decachlorobiphenyl (PCB 209) was used as the internal standards for quantitation. The unknown 

concentrations of single PCB congeners were determined by linear fit to a five-point calibration 

curve (R2 ≥ 0.99).  
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Results and Discussion 

Sorption of PCB into Concrete Through Transport of Ethanol  

 The pore network of concrete which forms as a result of its hydration reaction provides 

passages for the transport of fluid into concrete. This capillary network is hydrophilic, 

spontaneously absorbing water from the environment which may bring various chemical 

contaminants. These chemicals species will then diffuse according to the concentration gradient 

present. It has been proven that PCBs can migrate from primary sources such as caulk and paint 

into concrete, therefore, the remediation of PCBs should be based on pulling PCBs from the 

concrete by treatment systems. The ultimate goal of the NMTS and AMTS is to remediate PCBs 

from the PCB-laden concrete by transferring the organic solvent from the treatment system paste 

to the concrete. The organic solvent and associated PCBs retained from concrete then return to the 

NMTS/AMTS paste. Therefore, it is important to investigate the ability of the organic solvent that 

is used in treatment pastes to absorb into concrete in order to understand the process and/or 

limitations of NMTS/AMTS to be used as a remediation technology.  

Effect of distance from the source of PCB 

As it has been proven by Pizzaro25, PCBs can penetrate the concrete structure to depths 

reaching several inches under the surface. It would therefore be advantageous to determine the 

ability of ethanol-associated PCBs to move into concrete at long distances (up to six inches) from 

the source. As can be seen in Figure 60, the surface of the concrete bars became dark after 

immersion in the solution due to the penetration of ethanol into the pore network. The dark region 

height increased over time, covering the entire surface within a few hours. Figure 61 and Figure 
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62 show the sorption results of three- and six-inch concrete blocks exposed to PCB 153 in ethanol. 

The results presented indicate that the PCB molecules in ethanol penetrated the entire length of 

both 3-inch and 6-inch concrete bars. Ethanol as a solvent pushed PCB into concrete more than 5 

inches from the source, however, the concentration of PCB decreases as the distance from the 

source increases. 

 

Figure 60: Photo of the penetration height of ethanol into concrete bar. 
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Figure 61: Contaminated concrete (3-inch bars) with PCB 153 in ethanol for two weeks. 

 

Figure 62: Contaminated concrete (6-inch bars) with PCB 153 in ethanol for two weeks. 
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Effect of contact time 

The ability of ethanol to sorb into concrete was evaluated at sequential time points by 

measuring the concentration of PCBs in the concrete. At each allotted time, three blocks of 

concrete were taken out, dried, and sampled by drilling. The results of the surface and internal 

concentrations of PCBs, given in the following Figures, show that the concentration of PCBs 

increased gradually over immersion time. This phenomenon likely can be explained by the greater 

ability of the ethanol to increase the surface permeability and open concrete pores through the four 

weeks immersion. This is consistent with results from studies on immersion of concrete in water, 

which prove that immersion for 30-days increases surface permeability and pore size71. A large or 

continuous source of PCBs can cause PCBs to diffuse deeper into the concrete structure. By the 

end of week four of immersion the surface and core PCB concentrations at 5-inches depth rose to 

approximately the same concentration as the region directly in contact with the contaminant 

source. 
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Figure 63: Contaminated concrete with PCB 153 in ethanol for one week. 

 

Figure 64: Contaminated concrete with PCB153 in ethanol for three weeks. 
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Figure 65: Contaminated concrete with PCB153 in ethanol for four weeks. 

The sorption rate of PCB 153 in concrete surface and at depth from 0.25 to 0.5 inches 

below the surface at different distance from the source was determined. Sorption rate at any point 

is the amount of PCB adsorbed by the concrete at this point per unit surface area divided by the 

time of concrete sub-immersion in PCB solution. The dimension and surface area of all concrete 

species with long 6-inches are similar since they were made by wood mold.  

Figures through show the sorption rates as a function of time for concrete surface and cores. 

Although the PCB content of the specimen’s surface and core kept increasing over time, the rate 

of the sorption decreased as the PCB accumulated in the pores of concrete (Figure 66 and Figure 

67). If the exposure time is sufficiently long, the concrete will become saturated, and the sorption 

rate will approach zero.  
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Figure 66: Sorption rate of PCB 153 in concrete surface over time. 

 

Figure 67: Sorption rate of PCB 153 in concrete core over time. 

0

0.01

0.02

0.03

0.04

0.05

0 100 200 300 400 500 600 700 800

A
d

so
rp

ti
o

n
 r

a
te

 (
m

g
/k

g
/h

o
u

rs
)

Time (hours)

0 inch

1 inch

2 inches

3 inches

4 inches

5 inches

0

0.004

0.008

0.012

0.016

0.02

0 100 200 300 400 500 600 700 800

A
d

so
rp

ti
o

n
 r

a
te

 (
m

g
/k

g
/h

o
u

rs
)

Time (hours)

0 inch

1 inch

2 inches

3 inches

4 inches

5 inches



 

123 

Determination of Solvent Effects on PCB Sorption into Concrete 

As indicated previously, use of ethanol as solvent for NMTS and AMTS during the 

remediation of PCB-laden building materials is a significant limitation, primarily due to its 

flammability and volatility. Therefore, other kinds of solvents will be needed for the remediation 

process. As described previously, two organic solvent systems (ethanol/EL and 2-butoxyethanol) 

were used to develop alternative non-metal and activated metal treatment systems with lower 

volatility (ethanol/EL and 2-butoxyethanol) and lower flammability (2-butoxyethanol). Because 

of their success in these new formulations, their ability to move into the surface and the internal 

structure of concrete was characterized similarly to ethanol, and results were used for a comparison 

of all three solvent systems.  

Three bars of concrete, each having a length of 6 inches, were immersed in a solution of 

200 µg mL-1 PCB 153 in ethanol/EL (90:10) to a depth of 0.5 inches, and three additional bars 

were immersed in a solution of 200 µg mL-1 PCB 153 in 2-butoxyethanol. The concrete bars 

remained in contact with their respective PCB solutions for a period of four weeks. After exposure, 

the concrete bars were dried at 50 C overnight then sampled by drilling at 1-inch intervals and 

extracted as previously. PCB concentrations on the surface and in the core as a                                          

function of distance are illustrated in Figure 68 and Figure 69.  
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Figure 68: Contaminated concrete with PCB 153 in ethanol/EL (90:10) for four weeks. 

 

Figure 69: Contaminated concrete with PCB 153 in 2-butoxyethanol for four weeks. 
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Both solvent systems exhibit the ability to permeate into the pores of concrete, as evidenced 

by the detection of PCB 153 in the concrete surface as well as in the core samples. This ability is 

probably due to their low viscosity. The concentration of PCB 153 in concrete exposed for four 

weeks decreases in the order ethanol> ethanol/EL> 2-butoxyethanol. Considering that the concrete 

bars have similar surface areas and were exposed to the same concentration of PCB 153, the 

solvent and the characteristics of the concrete pore structure play the critical role in penetration 

efficiency. 

It has been proven that the wettability and permeability of concrete with respect to liquids 

decrease with increasing molecular size, the permeability decreases as steric hindrance increases. 

The different sorption behaviors of ethanol, ethanol/EL, and 2-butoxyethanol have been shown to 

be directly related to their molecular structure and size. As expected, 2-butoxyethanol with its 

relatively long alkyl chain exhibited the lowest concentrations of PCB 153 in concrete. The 

behavior demonstrated in Figure 69 is similar to that seen when ethanol was used as the solvent 

(Figure 65), especially in core concentrations, although surface concentrations were consistently 

lower in 2-butoxyethanol. Conversely, concentrations of PCBs in bars exposed to the ethanol/EL 

solvent system deviated significantly from this behavior. Figure 68 shows how ethanol/EL cannot 

push PCB far inside concrete bar, having significantly higher concentrations in the first few inches. 

There are three possible explanations regarding the differences in PCB concentration at 

various distances within the concrete bars exposed to ethanol/EL. First the molecular size of EL 

and ethanol molecules may affect their movement through the concrete pore structure. A second 

explanation for the difference in PCB concentration is the difference in the pore structure since 

multiple concrete bars were used. It might be the concrete bars used in the experiments studying 
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sorption of PCB-associated ethanol/EL have a discontinuous pore structure which resulted in 

entrapped PCB. The difference can be explained also on the basis of interactions between EL and 

cement in concrete due to the presence of a carboxyl group in EL, which may effectively trap most 

PCBs in the first inches of concrete. 

Treatment with Ethanol/EL NMTS/AMTS and 2-butoxyethanol NMTS/AMTS  

NMTS using acidified ethanol as a solvent was investigated for its ability to remediate PCBs 

from different porous materials such as concrete, brick, and granite48. Although the PCB remediation 

was successful, this system is limited by rapid activity loss from solvent evaporation and is unable 

to fully extract all PCBs present in concrete. Therefore, experiments were performed to test 

treatment of PCB-laden concrete using acidified ethanol/EL NMTS/AMTS and acidified 2-

butoxyethanol NMTS/AMTS via direct contact. 

Treatment was performed by directly applying the appropriate treatment system to the 

source end of a contaminated concrete bar, then sealing the treated area with aluminum foil and 

aluminum tape. The treatment was performed for two weeks, after which the aluminum tape and 

treatment system were removed and the concrete was sampled by drilling. PCBs were extracted as 

previously from the concrete powder and analyzed by GC-ECD. The results of this analysis for NMTS 

are presented in Figure 70and Figure 71.  
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Figure 70: Concentration of PCB 153 in the surface of the laboratory-prepared concrete 

after treatment with ethanol/EL NMTS and 2-butoxyethanol NMTS. 

 

Figure 71: Concentration of PCB 153 in the core of the laboratory-prepared concrete after 

treatment with ethanol/EL NMTS and 2-butoxyethanl NMTS. 
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Table 12: Concentration of PCB 153 in treated concrete by ethanol/EL AMTS and 2-

butoxyethanol AMTS. 

Distance from 

the AMTS 

(inches) 

mg PCB/kg concrete treated by 

ethanol/EL AMTS 

mg PCB/kg concrete treated by 2-

butoxyethanol AMTS 

Treated Surface a Core b Treated surface a Treated core b 

0 3.92± 1.85 0.97± 1.03 1.66± 0.69 1.97± 0.13 

1 2.74± 1.48 0.91± 0.28 1.34± 0.51 1.91± 0.42 

2 1.87± 1.10 1.15± 0.74 1.19± 0.13 0.15± 0.02 

3 2.59± 0.68 1.56± 0.13 0.98± 0.44 0.56± 0.38 

4 2.01± 0.32 1.32± 0.84 0.80± 0.06 N.D. c 

5 2.67± 0.17 0.89± 0.51 1.07± 0.14 N.D.c 

a) From the surface to 0.25 inches into concrete. 

b) From depth 0.25 to 0.50 inches into concrete. 

c) Not detectable. 

After fourteen days of treatment with ethanol/EL NMTS and 2-butoxyethanol NMTS high 

PCB removal was achieved. Both solvent systems are easily capable of solubilizing and desorbing 

PCBs from the concrete even at 5-inches distance from the application site. However, 2-

butoxyethanol NMTS/AMTS show slightly higher reduction of PCB in the surface samples. The 

greatest change in PCB concentration was seen in the core samples with 2-butoxyethanol where 

the PCB concentration dropped to 1.17 mg/kg at the first two inches away from the treatment 

systems. After that, PCB concentrations were observed to practically nondetectable levels. The 

hydrophobic nature of 2-butoxyethanol due to the presence of long poly-aliphatic chain enhances 

the attraction of the electron-deficient aromatic nuclei of PCBs. 
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Conclusion 

The organic solvents tested each have a remarkable ability to wet the surface and to 

permeate into the pores of concrete. The transport of PCBs into the concrete occurs to significant 

depths dependent on the contact time and structure of the solvent associated with the PCBs in question. 

Concrete prepared in the laboratory that was contaminated with PCB 153 was treated with NMTS and 

AMTS, these novel treatment system formulations using either a co-solvent system (ethanol/EL) or 2-

butoxyethanol as solvents were shown to be successful for the extraction of PCBs from concrete. The 

activated treatment systems with ZVMg/AC were shown to extract and degrade PCBs.  
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APPENDIX A: SUPPORTING INFORMATION FOR CHAPTER TWO 
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Figure 72: GC-MS peak area as a function of PCB 153 and its byproducts concentration. 
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APPENDIX B: SUPPORTING INFORMATION FOR CHAPTER THREE 
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Figure 73: Removal of paint/PCBs from Painted Surfaces of 9RPW samples. A) Prior to 

treatment, B) After treatment. 
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Figure 74: Removal of PCBs from Painted Surfaces of 6WE. A) Samples prior analysis, B) 

Samples after one week of analysis, C) Paint elasticity after treatment. 
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Figure 75: Removal of PCBs from Painted Surfaces of 7WEC. A) Samples prior to analysis, 

B) Samples after one week of analysis, C) Paint elasticity after treatment. 
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Figure 76: Removal of PCBs from Painted Surfaces of 9SPW. A) Samples prior treatment, 

B) Samples after two weeks of treatment. 
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APPENDIX C: SUPPORTING INFORMATION FOR CHAPTER FOUR 
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Figure 77: GC-MS peak area as a function of PCB 28 and its byproducts concentration. 
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