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ABSTRACT 

Organochlorine compounds, such as polychlorinated biphenyls (PCBs), 

pentachlorophenol (PCP), p.p'-DDE and Toxaphene, have been widely used in 

industry and agriculture for more than fifty years. Although they have served their 

purpose very effectively and at low cost, many of these compounds have been harmed 

in the United States due to their persistence in the environment and their threat to 

human health. Their natural resistance to degradation has made organochlorine 

compounds the target of many studies that have been designed to convert them into 

less toxic compounds. 

At present there is not a single, simple method that can completely dechlorinate 

PCBs, PCP, p,p '-DDE and Toxaphene. The work presented here reports the use of 

a novel bimetallic system, palladized iron (Pd/Fe), to effect the complete 

dechlorination of these compounds, at ambient temperature and pressure, in a matter 

of minutes. 

The dechlorination reaction occurs on the sxirface of the palladized iron, with 

removal of all the chlorine atoms from the chlorinated compound and yields the 

completely dechlorinated molecule and chloride ions as reaction products. The 

chlorinated compound is reductively dechlorinated while the iron particles are oxidized 

to Fe^"^. Water is also reduced in the presence of iron, generating hydrogen, which is 

collected in the palladium lattice. The palladium is therefore necessary to store 

hydrogen gas; the "Pd-Hj" acts as a powerful reducing agent and is primarily 
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responsible for the rapid and complete dechlorination of the organochlorine 

compounds. 

The Pd/Fe bimetallic system is potentially useful for the large scale remediation 

of groundwater or soil contaminated with organochlorine compounds. Palladized iron 

is relatively inexpensive and easy to prepare, and it rapidly and completely 

dechlorinates organochlorine compounds. For these reasons, the Pd/Fe system should 

be investigated further for applications in the field. 
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CHAPTER I 

INTRODUCTION 

I.l Background 

Polychlorinated biphenyls (PCBs) are synthetic aromatic compoimds having the 

formula C,2H,o.nCl„, where n = 1 to 10. They are manufactured commercially by the 

progressive chlorination of biphenyl with anhydrous chlorine in the presence of a 

suitable catalyst (e.g., iron filings or ferric chloride) (World Health Organization, 

1993). In the process of replacing hydrogen atoms with chlorines, a large number of 

substitution combinations arise. Different structural arrangements make possible 209 

different compounds, called congeners, containing 1 to 10 chlorine atoms per biphenyl 

molecule (Chakrabarty, 1982). The two rings are numbered identically, except that 

the ring with the fewest chlorine substituents is designated as primed (Figure 1.1). 

Clx 

3 2 2' 3' 
X = 1 - 5 
y  =  0 - 5  
X + y = 1 - 10 

5 6 6' 5' 

Figure I.l Structure of PCB. 
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The first chlorinated biphenyl was sjoithesized in 1864, but the commercial 

manufacture of PCBs began in 1929 (World Health Organization, 1987). Since then, 

over one million tons of PCBs have been produced for numerous electrical, chemical 

and industrial purposes. The PCBs manufactured commercially are known by a 

variety of trade names, including: Aroclor, Pyranol, Pyroclor (USA), Phenochlor, 

Pyralene (France), Clophen, Elaol (Germany), Kanechlor, Santotherm (Japan), 

Fenchlor, Apirolio (Italy), and Sovol (Russia). In the United States, the only large 

producer of PCBs was Monsanto Chemical Company, which sold them from 1929 to 

1975 under the Aroclor trademark. Individual manufacturers have their own system 

of identification for their products. In the Aroclor series, a 4-digit code is used; 

biphenyls are generally indicated by 12 in the first 2 positions (for 12 carbon atoms 

in the biphenyl molecule), while the last 2 nimibers indicate the percentage by weight 

of chlorine in the mixture; thus, Aroclor 1260 is a polychlorinated biphenyl mixture 

containing 60% of chlorine. The physical and chemical properties that have made 

them so desirable are their excellent thermal stability, their strong resistance to both 

acidic and basic hydroxides and action of corrosive chemicals, and their chemical 

stability. They are resistant to hydrolysis, chemical oxidation, photodegradation, 

thermal changes, and most chemical agents. PCBs are practically insoluble in water, 

but dissolve easily in hydrocarbons, fats, and other organic compounds, and they are 

readily absorbed by fatty tissues. 



Individual pure PCB congeners are colorless, often crystalline compounds, but 

commercial PCBs are liquid mixtures of these congeners with clear, light yellow or 

dark color. They do not crystallize at low temperatures but turn into solid resins. The 

viscosity of the PCBs increases in direct proportion to the chlorine content from very 

fluid liquids to viscous products and solids. Their density is rather high due to 

chlorine atoms in the molecule, and they form vapor heavier than air. Having flame-

retardant characteristics, they are of widespread use in a variety of applications. 

Major common uses include transformer oils, capacitor dielectrics, heat transfer fluids, 

hydraulic lubricants, plasticizers, waxes, pesticide extenders, and others (Fishbein, 

1972). 

Even though their production was banned in 1977 in the United States, PCBs 

had been steadily released into the envirorunent in many countries, and still are, and 

are now foimd to be a pervasive, worldwide contaminant. These highly useful 

chemicals now appear in the tissues of most living creatures as well as in the air. 

water, soils and sediments over most of the earth (DTtri and Kamrin, 1983). 

PCBs are widespread and persistent pollutants that have become an increased 

global concern since 1966, when they were first reported in environmental samples 

in Sweden (Jensen, 1966). They were later reported in several European countries. 

North America and Japan. PCBs are recognized to be among the most abundant of 

the chlorinated hydrocarbons in the global ecosystem as well as 2,2-bis(p-
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chlorophenyl)l,l,l-trichloroethane (DDT) and its metabolites (Risebrough et ai, 

1968). 

The chemical stability which made PCBs industrially desirable also make them 

persistent in the environment. As a result of this stability, they are generally poorly 

metabolized by biologic systems. PCBs tend to bond tightly to particulate matter, in 

certain soils and sediments. Estimates of PCB half-life fall into a range of 8 to 15 

years in environmental samples. Since PCBs are poorly soluble in water and 

extremely soluble in oils and fats, they tend to partition out of the aquatic ecosystem 

into biological tissue. Because of their persistence and the fact that they are poorly 

metabolized, these substances bioaccumulate in the food chain, often increasing by 

several powers of ten in concentration at each succeeding trophic level. 

PCBs have been found in fish, mussels and birds from the Rhine River and the 

Netherlands coastal areas; they have also been found in marine animals and wildlife 

in Sweden, England, Canada and the United States (Holden and Marsden, 1967; 

Holmes et al, 1967; Anderson et al., 1969; Jensen et ai, 1969; Koeman et al., 1969; 

Reynolds, 1971; Frank et ai, 1978). Fish typically contain mixtures of PCBs that 

closely resemble the Aroclor 1254 produced by Monsanto Company, although both 

higher and lower chlorinated PCBs than those most abundant in Aroclor 1254 are also 

found (Zitko et ai, 1972; Veith, 1975). PCBs have also been found in wastewaters 

(Lawrence and Tosine, 1977), household products (Williams and Benoit, 1979), 

drinking water (Billings et ai, 1978), and in foods (Highland, 1976), particularly in 
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fish and fishery products (Hagel and Tuinstra, 1978). It has also been shown that 

human adipose tissue (Acker and Schulte, 1970; Biros et ai, 1970; Price and Welch, 

1972; Curley et al, 1973) and human milk (Acker and Schulte, 1970; Savage et al., 

1973; Yoshida and Nakamura, 1979) contain PCBs. When PCBs are discharged into 

river, lake, or sea, they accumulate in the sediment in relatively high concentration and 

redissolve very slowly, due to their very low aqueous solubility (Glooschenko et al., 

1976; Young et ai, 1977). 

1.2 Transport of PCBs 

The distribution of PCBs is highest in the areas where humans are concentrated and 

carry on industrial activity. They appear in smaller amounts in organisms found at 

greater distances from urban centers (Risebrough and Brodine, 1970). Current sources 

of PCBs release include volatilization from landfills containing transformer, capacitor, 

and other PCB-wastes, sewage sludge, spills, and dredge spoils, and improper (or 

illegal) disposal to open areas. Pollution may occur during the incineration of 

industrial and mimicipal waste, since most municipal incinerators are not effective in 

destroying PCBs (World Health Organization, 1993). 

In the atmosphere, PCBs exist primarily in the vapor phase; the tendency to 

adsorb on particulates increases with the degree of chlorination. The virtually 

universal distribution of PCBs throughout the world suggests that PCBs are 

transported in air (Risebrough and de Lappe, 1972). The ability of PCBs to co-distill. 



27 

volatilize from landfills into the atmosphere (adsorption to aerosols with particle size 

of less than 0.05 - 20 (xm), and resist degradation at low incinerating temperatures, 

makes atmospheric transport the primary mode of global distribution (Nisbet and 

Sarofim, 1972; Einsenreich et ai, 1981). 

PCBs enter water mainly from discharge points of industrial and urban wastes 

into rivers, lakes, and coastal waters. In water, PCBs are adsorbed on sediments and 

other organic matter; experimental and monitoring data have shown that PCB 

concentrations in sediment and suspended matter are higher than those in associated 

water columns (Oloffs et al., 1973). Strong adsorption on sediment, especially in the 

case of the higher chlorinated PCBs, decreases the rate of volatilization. On the basis 

of their water solubilities, the lower chlorinated PCB congeners will adsorb less 

strongly than the higher chlorinated isomers (Opperhulzen et al., 1988). The rate of 

release of PCBs from contaminated sediment was found to be a function of sediment 

PCB concentration, chlorine substitution pattern and degree of chlorination (Fisher et 

ai, 1983). 

PCBs in soil derive from particulate deposition (often concentrated in urban 

areas) (Murphy, 1984), wet deposition (Strachan, 1988), the use of sewage sludge as 

a fertilizer (World Health Organization, 1993), and leaching from landfill sites. The 

low solubility and the strong adsorption of PCBs on soil particles limits leaching in 

soil; lower chlorinated PCBs will tend to leach more than the highly chlorinated PCBs 

(Tucker et ai, 1975). 
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1.3 Effects of PCBs in the Environmeiit 

Since the discovery of PCBs in the environment and in animals, there has been a need 

to know more about the biological impact of these compounds, and a number of 

reviev^^s on different aspects of the toxicity of PCBs have been written (Hammond et 

al, 1972; Fishbein, 1974; Peakall, 1975). 

Because of their physical and chemical properties, PCBs have become dispersed 

globally, throughout the environment, and are present in both abiotic and biotic 

ecosystems. Since many countries have controlled both use and disposal, new input 

into the environment has decreased from what it had been in the past. However, the 

available evidence suggests that the cycling of PCBs is causing a gradual 

redistribution of some congeners towards the marine environment (World Health 

Organization, 1993). The higher chlorinated congeners tend to accumulate 

preferentially. While much of the PCB is adsorbed on particulates in sediments, it is 

still available to organisms and will continue to be accumulated in higher trophic 

levels. 

1.3.1 Laboratory Studies 

Effects of PCB mixtures on microorganisms are highly variable, with some species 

adversely affected by a level of 0.1 mg/L (Zullei and Benecke, 1978) and others 

unaffected by 100 mg/L (Mosser et al., 1972); effects on different species do not vary 

consistently with the degree of chlorination of the mixtures (Hawes et al., 1976: 

Ewald et al., 1976). Almost all of the studies of the effects of PCBs on aquatic 
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organisms have been concerned with Aroclor mixtures. Results have been extremely 

variable with no consistent relationship between percentage chlorination or 

environmental conditions and toxicity. Generally, the most toxic mixtures were 

Aroclors in the mid-range of chlorination; low and high percentage chlorination 

mixtures were less toxic. Crustaceans seem to be more susceptible to the toxic effects 

of PCBs during molt (Duke et ai, 1970; Wildish, 1970; Nimmo et ai, 1971). 

There is also a variation in the acute toxicity of PCB mixtures for fish, with 96 

hours LC50S varying between 0.008 mg/L to greater than 100 mg/L (Nebeker et ai, 

1974; Tooby et ai, 1975; Passino and Kramer, 1980). This variation is dependent on 

species and on the PCB mixture, but appears to depend little on test conditions, such 

as temperature and water hardness. The toxicity of PCBs appears much greater in 

flow-through tests, where the water concentration of the PCBs is constantly 

maintained. The toxicity of Aroclors for three species of freshwater fish, over 

exposure periods of up to 30 days, was systematically investigated by Mayer et al. 

imder flow-through conditions (Mayer et al, 1977). Short-term tests consistently 

underestimate the toxicity of PCBs. It was suggested by Nimmo et al. (1975) that 

acute toxicity tests underestimated the true sensitivity of marine species; in bioassays 

lasting one week or more, Aroclor proved to be 100 times more toxic than acute 

exposure suggested. In tests lasting two weeks or longer, Aroclor 1254 was lethal for 

longnose killifish at 1 |ag/L and for pinfish and spot at 5 |ig/L. 
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PCBs are carried through the food chain. Experimental evidence has confirmed 

field observations demonstrating reproductive impairment in seals fed on fish 

contaminated with PCBs (Reijnders, 1986). The effect occurs late in reproduction, 

preventing implantation of the embryo in the uterine wall. 

In short-term tests, the toxicity of Aroclor for birds increased with increasing 

percentage of chlorination; 5-day dietary LC50S ranged fi-om 604 to greater than 6000 

mg/kg diet (Stickel et ai, 1984; World Health Organization, 1993). The main 

reproductive effects of PCBs on birds were reduced hatchability of eggs and 

embryotoxicity (Bush et ai, 1974; Cecil et ai, 1974; Lillie et al., 1974). These 

effects continued after dosing ended, as the hens reduced their PCB load via the eggs. 

Since the 1950s, thin eggshells have been characteristic of many wild bird populations, 

though the effect was not noticed until some time afterwards (World Health 

Organization, 1993). Thin shells have been a contributing factor to reduced 

reproductive capacity, particularly in birds of prey. The main chemical causing thin 

shells appears to be DDE, a metabolite of DDT. It has been shown to cause thin 

eggshells in laboratory experiments, as well as through the correlation of field data. 

Literature on thin eggshells has been reviewed by Cooke (1973). Most experimental 

studies using PCBs have shown no direct effect on shell thickness (Peakall, 1971; 

Britton and Huston, 1972); PCBs are more likely to affect shells indirectly by reducing 

food consumption and decreasing the body weight of female birds (Haseltine and 

Prouty, 1980). Behavioral effects of PCBs have been noted by several authors. 
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Peakall & Peakall reported decreased parental attentiveness in ring doves (1973); 

increased migratory restlessness and hyperactivity in European robins and redstarts 

(Ulfstrand et al., 1971; Karlsson et ai, 1974), and reduced avoidance response from 

a moving silhouette in Japanese quail chicks (Kreitzer and Heinz, 1974) were also 

reported. Sub-lethal effects on hormone secretion have also been observed 

(Biessmann, 1982; Tori and Peterle, 1983). 

Terrestrial mammals were also studied. Aulerich & Ringer (1977) determined 

acute oral LDjq values for PCBs in mink to range from greater than 750 to 4000 

mg/kg body weight. The lethality of the Axoclors was found to be inversely related 

to the chlorine content; Aroclor 1221 was most toxic and Aroclor 1254 least toxic. 

This is in contrast to the situation in birds, where toxicity was correlated directly with 

chlorine content of the PCBs. Bleavins et al. (1980) showed the ferret to be less 

sensitive to PCBs than the mink, though LD50 values were not determined. Aroclor 

reduces food consumption and, thus, the growth rate of young mink. Reproduction 

of mink is reduced or eluninated by Aroclors, either given directly or as natural 

contaminants in fish. The reproductive rate returns to normal after cessation of 

feeding with Aroclor. 

Groups of mice were fed Aroclor 1254 at 10 mg/kg body weight and their 

reproductive performance was recorded (Linzey, 1987). The number of young per 

litter was lower in all treated groups, compared to control groups. The major 
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consistent effect on the survival of the young being fed milk was the result of much 

higher levels of PCBs being transported via lactation than via the placenta. 

Because the majority of laboratory tests on aquatic and terrestrial organisms 

were carried out using PCB mixtures, it is not possible to identify which specific 

components of the mixtures were responsible for effects. Similarly, because tests were 

conducted in environmentally unrealistic conditions (e.g., beyond the solubility of 

congeners and without sediment present in aquatic tests), it is difficult to extrapolate 

from laboratory to field. However, it can reasonably be assumed that any effects on 

populations of organisms, likely to occur more generally in the envirormient in the 

future, will already have been observed in local populations exposed to high PCB 

levels in the past. 

1.3.2 Field Studies 

The acute toxicity of PCBs is relatively low for most species and will not, therefore, 

kill enough individuals to affect populations. However, because of the high potential 

for bioaccumulation, sufficient residues of PCBs may build up to cause direct lethal 

effects over time. Although PCBs are almost universally present in the tissues of 

organisms in the environment, there are relatively few examples of proved effects of 

these residues on populations of the organisms. Sublethal effects, affecting 

populations by reducing reproduction or growth, are possible, but difficult to prove, 

because PCBs are always present with other environmental contaminants. Many 
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possible effects of PCBs in the environment have been suggested in the literature, but 

few have actually been investigated in the field. 

Results suggesting effects of PCBs on fish populations in the field are 

inconclusive (Zitko and Saunders, 1979; Westin et al, 1983). Interpretation of field 

data on birds is difficult, since residues of many organochlorines are also present. 

Most authors have shown a correlation between effects (embryotoxicity) and total 

organochlorine residues (Gilbertson and Fox, 1977; Wiemeyer et al, 1984; Newton 

et al., 1988). Of the organochlorine compounds present, PCB residues correlate best 

with the effects on embryos, but the results cannot be regarded as proved field effects 

of the PCBs. 

There is evidence (confirmed in laboratory studies) that PCBs reduce the 

reproductive capacity of sea mammals (DeLong et ai, 1973; Helle et al., 1976; 

Reijnders, 1986). The effect is on the implantation of the embryo, but there can also 

be physical changes in the female reproductive tract. 

Extrapolation from laboratory, acute and short-term tests to effects at the 

population level in the field is not possible. Uncertainties about which components 

of the PCB mixtures cause effects, the specific congeners present in the envirorunent, 

and the bioavailability of PCB components to organisms, all combine to make 

estimates of likely environmental exposures and effects difficult. The effects on sea 

mammal populations can be regarded as proved, but the component(s) of the PCB 

mixtures that are responsible are not yet known. 
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Given the trends towards increased contamination of the marine environment, 

attention should be concentrated on the effects on marine organisms. There is clear 

laboratory and field evidence of reproductive effects on populations of sea mammals 

in heavily-polluted areas. The residues and effects of PCBs on other populations of 

sea mammals are likely to increase in the future. It is less clear whether effects will 

be seen in other organisms, such as birds feeding on marine prey. From currently 

available information, effects on fish populations would not be expected, though fish 

will act as a route of exposure of fish-eating mammals and birds. 

1.3.3 Effects on Experimental Animals 

Evaluation of the toxicity of Aroclors and other commercial PCB mixtures is 

complicated by numerous factors, including isomer and congener composition, 

differences in species susceptibility, quantitatively inconsistent data, and various 

degrees of contamination with toxic compounds, such as chlorinated dibenzofurans. 

Because of these factors and a lack of data for some of the Aroclors (most studies 

have been conducted on the higher chlorinated Aroclors), it is assumed that effects 

resulting from exposure to a specific Aroclor are representative of effects that may be 

produced by the other Aroclors. 

The acute toxicity of Aroclors, after a single oral exposure, is generally low in 

rats. Young animals appear to be more sensitive (LDjq: 1.3 - 2.5 g/kg body weight) 

than adults (LDjq: 4-11 g/kg body weight) (Kimbrough et ai, 1972; Grant and 



Phillips, 1974). The lowest LDjg reported for Aroclor 1254 in adult rats was 1.0 g/kg 

body weight (Garthoff et ai, 1981). No differences between the sexes were observed. 

The main target in mammals, with short-term, oral exposure to PCB mixtures 

or congeners, were the liver, the skin, the immune system, and the reproductive 

system. The Rhesus monkey was the most sensitive species tested, females being 

more sensitive than males (Barsotti et ai, 1976). Short-term exposure to commercial 

PCB mixtures induced an increase in the concentrations of total lipids, triglycerides, 

cholesterol, and/or phospholipids in the liver. Planar congeners, those without ortho-

substitution, at doses of 1 - 3 mg/kg diet, induced effects similar in character and 

severity to those produced by Aroclor 1242, at a dose of 100 mg/kg diet, and Aroclor 

1248, at a dose of 25 mg/kg diet (Allen et ai, 1974). 

Effects in the liver have been best investigated in rats and include hypertrophy, 

fatty degeneration, proliferation of the endoplasmic reticulum, porphyria, 

adenofibrosis, bile-duct hyperplasia, cysts, and preneoplastic and neoplastic changes 

(Kimbrough et ai, 1972; Bruckner et ai, 1974). In studies on rats and mice, 

individual PCB congeners caused effects in the liver, spleen, and thymus, the planar 

congeners being most toxic (Biocca et ai, 1981; Aulerich et ai, 1985). 

Follov^dng dermal exposure of rabbits and mice, PCB mixtures and some 

congeners caused effects on the skin and liver, similar to those found after oral 

exposure (Vos and Beems, 1971; Puhvel et ai, 1982). 
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Carcinogenic effects of PCBs are difficult to assess. The interpretation of the 

available animal data involving commercial PCB mixtures is often complicated by 

lack of information concerning the presence, or contribution, of chlorinated 

dibenzofuran impurities as well as variations in congener composition. 

A number of long-term carcinogenicity studies have been carried out on mice 

and rats (Kimbrough and Linder, 1974; Morgan et al., 1981; Ward, 1985; Rao and 

Baneiji, 1988). A significant increase in hepatocellular adenomas and/or carcinomas 

was observed in mice and in rats. The liver tumors concerned were considered to be 

non-aggressive (benign or of low malignancy, no metastasis) and not life shortening. 

There is substantial evidence to support the enhancing effects of PCBs on liver 

carcinogenesis in rodents pretreated with hepatocarcinogens. However, there is 

inconclusive evidence for action as tumor initiators. It can be concluded that the 

toxicity of PCB mixtures can be evaluated on a threshold basis. Because of 

inconclusive results, caution must be taken in extrapolating the available animal data 

on the carcinogenic potential of PCBs to humans. 

Lesions induced after exposure to PCB mixtures or individual congeners concern 

the liver, skin, immune system, reproductive system, edema and disturbances of the 

gastrointestinal tract, and thyroid gland. PCBs are also able to induce various 

enzymes in the liver (Safe, 1984). The inducing ability increases with the chlorine 

content in the molecule and is dependent on the congener composition. 
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Effects on the endocrine system are seen as alterations in hormonal receptor 

binding and in steroid hormone balance. Some polychlorinated biphenyls are estrogen 

mimics. These PCBs attach to estrogen receptors in cells and mimic the action of the 

body's natural estrogen, or they attach to estrogen receptors and block the action of 

natural estrogen (Hileman, 1994). Estrogen, a steroid hormone, is considered to be 

a female hormone but is produced in both males and females. In the developing fetus 

of humans and animals, a specific ratio of estrogen to androgens (male hormones) is 

necessary for sexual differentiation. If the ratio is perturbed, the offspring may be 

bom with abnormal sexual organs. 

1.3.4 Effects on Humans 

The toxicological evaluation of PCBs presents many problems. PCBs usually occur 

as mixtures of many congeners, and many of the data on the toxicity of the PCBs are 

based on the testing of these mixtures. Some components of the mixtures are more 

easily degraded in the environment than others. Thus, the general population may be 

exposed to mixtures that are different from those which workers, working with PCBs, 

are exposed. 

Because PCBs are ubiquitous and very persistent in the environment, humans 

have been, and will continue to be, exposed to them, particularly in industrialized 

countries. Recently, PCBs were found in the soil behind a home in Tucson, Arizona 

(Bagwell, 1996). The PCBs apparently washed onto the family's lot from around 
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three large hangars on Tucson International Airport land. They were probably 

dumped in the area around the hangars from the late 1940s until 1958. 

The general population is exposed to PCBs mainly through contaminated food 

(fish, meat and dairy products), although PCBs may also be inhaled in small amounts 

through the air. Furthermore, exposures have occurred through accidents and 

occupational exposure. 

Since PCBs are lipophilic, they are preferentially stored in adipose tissue. They 

are also present, to a smaller extent, in serum, organs and tissues, and human milk. 

The concentrations of PCBs in the different organs depend on the lipid content of such 

organs, with the exception of the brain, where the concentration is lower than the lipid 

content would indicate. PCBs pass, to a certain extent (depending on chlorination and 

strucmre), through the placenta. They are primarily excreted through the bile and 

milk. In addition to the lipid content, the ratios between adipose tissue, blood and 

organs are influenced by exposure level, sex, age, duration of exposure, and also by 

whether exposure is current. 

The daily intake of PCBs is of the order of some micrograms per person for 

most of the industrialized countries. Such exposures have not been associated with 

disease. The infant is exposed to PCBs through its mother's milk. Daily intake of 

PCBs may be some micrograms/kg body weight. 

There are great difficulties in assessing human health effects separately for 

PCBs, polychlorinated dibenzofiirans (PCDFs), or polychlorinated dibenzo-/7-dioxins 
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(PCDDs), since, quite frequently, PCB mixtures contain PCDFs. The presence of 

PCDDs has also been seen occasionally, in accidents with certain mixtures 

(Figvire 1.2). Commercial PCBs have been shown to be contaminated with PCDFs 

and, therefore, in many cases, it is not clear which effects are attributable to the PCBs 

themselves and which to the much more toxic PCDFs. Thus, much of the data that 

can be retrieved from large episodes of intoxication in humans, e.g., the Yusho, Yu-

Cheng, and other intoxications, probably reflect effects of exposure to both PCDFs 

and PCBs. 

PCDDs PCDFs 

X + y = 1 - 8 IT—*• 75 PCDDs 

V 
135 PCDFs 

Figure 1.2 Structure of PCDF and PCDD. 

1.3.4.1 Yusho Accident 

In June 1968, people in Fukuoka, Japan, were suffering from chloracne. It was found 

that the disease originated from the consumption of a batch of rice oil supplied in 

February 1968; the disease was called Yusho (rice oil disease). This batch of rice oil 
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was found to be contaminated with Kanechlor 400, a 48% chlorinated biphenyl, at 

2000-3000 mg/kg, which entered the oil through a leak in a lieat exchanger. 

Chlorinated dibenzofurans at 5 mg/kg were found in 3 samples of the toxic rice oil 

that contained PCB levels of about 1000 mg/kg. The average estimated intake was 

633 mg PCBs, 3.4 mg PCDFs, and 596 mg polychlorinated quaterphenyls (PCQs), 

roughly equivalent to 157 ^g PCBs/kg per day, 0.9 |j.g PCDFs/kg per day, and 148 

lag PCQs/kg body weight per day (Masuda et ai, 1985). 

1.3.4.2 Yu-Cheng Accident 

In 1979, a similar accident occurred in Taiwan, the number of persons involved, by 

the end of 1980, was 1843. In the course of three and a half years, 2061 persons were 

determined to be victims of PCB poisoning. The incident has been referred to as Yu-

Cheng (Hsu et ai, 1985). The affected persons had consumed rice-bran oil 

contaminated with PCBs that was used as a heat transfer medium in the manufacture 

of the oil. The PCB intake was estimated to be 0.7-1.84 g and the latent period from 

the time of intake to the onset of clinical manifestations was approximately 3-4 

months. 

The signs of intoxication in Yusho and Yu-Cheng patients were hypersecretion 

of the Meibomian glands of the eyes, swelling of the eyelids and pigmentation of the 

nails and mucous membranes, occasionally associated with fatigue, nausea, and 

vomiting. This was usually followed by hyperkeratosis and darkening of the skin with 

follicular enlargement and acneiform eruptions. Furthermore, edema of the arms and 
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legs, liver enlargement and liver disorders, central nervous disturbances, respiratory 

problems (bronchitis-like disturbances), and changes in the immune status of the 

patients were also observed. In children of Yusho and Yu-Cheng patients, diminished 

growth, dark pigmentation of the skin and mucous membranes, abnormal calcification 

of the skull and a high incidence of low birth weight were observed, among other 

things. 

1.3.4.3 Occupational Exposure 

Under occupational conditions, skin rashes occurred a few hours after acute exposure 

(Elo et al., 1985). Furthermore, itching, burning sensations, irritation of the 

conjunctivae, pigmentation of the fingers and nails, and chloracne were found after 

exposure to high PCB concentrations. Chloracne is one of the most prevalent findings 

among PCB-exposed workers (Hara, 1985). Besides these dermal signs of 

intoxication, different authors have found liver disturbances, immunosuppressive 

changes, transient irritation of the mucous membranes of the respiratory tract, 

neurological and unspecific psychological or psychosomatic effects, such as headache, 

dizziness, depression, sleep and memory disturbances, nervousness, fatigue and 

impotence (Elo et al., 1985; Hara, 1985; Schecter et al., 1985). The overall 

conclusion is that continuous occupational exposure to high PCB and PCDF 

concentrations may result in effects on the skin and liver. 



1.4 Analysis of PCBs 

In 1966, the discovery of PCBs in environmental samples raised interest in the 

analysis of these compounds and their toxicity for human beings and the environment. 

From the beginning, the possibility of the chlorinated biphenyls producing serious 

errors in chlorinated pesticide analyses was recognized (Veith and Lee, 1970). 

Investigators had been reporting the presence of organochlorine compounds in 

environmental samples which could not be identified as the common chlorinated 

pesticides and were assumed to be chlorinated biphenyls. This created a need for 

basic studies concerning analytical procedures for chlorinated hydrocarbons. 

The basic elements of all PCB mixture determination are: 

• removal (extraction) of the compounds of interest from the sample matrix into 

one that can be analyzed, 

• enrichment of the concentration relative to that of other sample components, 

• separation of extracted components, and 

• identification and measurement of the compounds of concern (Alford-Stevens, 

1986). 

Polychlorinated biphenyls have been analyzed for many years in various media 

such as water, sediments, soils and biological media. Several analytical methods were 

developed for determining and testing PCBs: IR spectroscopy, liquid chromatography 

(HPLC), mass spectrometry (MS) and gas chromatography (GC), among others 
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(Mattson and Nygren, 1976; Gordon et ai, 1982; Buser and Rappe, 1984; Erickson, 

1986). 

Gas chromatography is clearly recognized as the best method for analyzing 

PCBs (Mattson and Nygren, 1976; Gordon et al, 1982; Buser and Rappe, 1984; 

Erickson, 1986). Gas chromatography has earned its reputation for several reasons, 

including; 

• the separation of the different compounds and possible recognition of the type 

of PCB based on the chromatogram. 

• the detectors available are highly sensitive. 

• there is little interference especially if the sample has been cleaned up; 

quantitative determination thus gives accurate results (Crine, 1988). 

During the past three decades, most PCB determinations have involved the use 

of electron capture (EC) detectors to identify and measure PCBs. In general, EC 

detector response to PCBs increases with increasing level of chiorination, but it also 

varies among isomers. Gas chromatography with mass spectrometric detection is also 

employed, and provides the molecular weight and the number of chlorine atoms in a 

PCB. 

1.5 Remediation Methods 

In the mid 1960s, concerns regarding the toxicity and persistence of PCBs in the 

envirormient led to their eventual control in the United States under the Toxic 
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Substances Control Act (TSCA) of 1976 (Amend and Lederman, 1992). TSCA 

regulates the manufacturing, processing, distribution in commerce and use of PCBs. 

The natural resistance to degradation of the polychlorinated biphenyls must be 

overcome by destruction techniques. Remediation technologies can be divided into 

two broad categories: 

• biodegradation 

• chemical degradation 

1.5.1 Biodegradation 

Biological treatment technologies use microorganisms to detoxify or decompose 

degradable organics. Naturally occurring (native) species may be utilized or specially 

adapted microorganisms may be introduced into the contaminated area. One important 

factor to consider about biological treatment systems is that they are living systems. 

Survival of the necessary microbes is vital for this technology to be feasible. 

PCBs have been shown to undergo biodegradation under a variety of conditions 

in the laboratory and in the environment (Furukawa, 1982; Furukawa, 1986; 

Abramowicz, 1990; Bedard, 1990). Two distinct biological systems capable of 

biodegrading PCB have been identified: anaerobic reductive processes and aerobic 

oxidative processes. 

Anaerobic bacteria attack more highly chlorinated PCB congeners through 

reductive dechlorination. In general, this microbial process effects the preferential 

removal of meta and para chlorines, resulting in a depletion of highly chlorinated PCB 
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congeners with corresponding increases in lower chlorinated, ortho substituted PCB 

congeners. The altered congener distribution of residual PCB contamination observed 

in several aquatic sediments was the earliest evidence for anaerobic PCB 

dechlorination (Brown et al, 1987a; Brown et ai, 1987b). This same activity has 

been observed in the laboratory (Quensen et ai, 1988; Quensen et ai, 1990; 

Abramowicz et al, 1993), where the selective removal of meta and para chlorines was 

also noted. The CI removal was determined by the pattern of CI substitution on the 

biphenyl ring rather than the substitution position itself (Rhee et al, 1993a). There 

is a wide diversity of dechlorinating microorganisms, some showing a preference for 

meta or para dechlorination, and most not being able to remove o/-r/zo-chlorines 

(Morris etai, 1992). Researchers have found that some PCB dechlorinating anaerobic 

bacteria can be grown without PCB on solid media (May et al., 1992). Dechlorination 

of PCBs was observed wdthin 1-2 months in long-term studies; however, complete 

PCB dechlorination did not occur, even after more than 10 months (Alder et ai, 1993; 

Rhee et al., 1993b). 

The aerobic bacterial biodegradation of PCB is widely knovra and has been well 

studied (Furukawa, 1982; Furukawa, 1986; Abramowicz, 1990; Bedard, 1990). 

Several microorganisms have been isolated that can aerobically degrade PCB, 

preferentially degrading the more lightly chlorinated congeners. These organisms 

attack PCB via the 2,3-dioxygenase pathway, converting PCB congeners to the 

corresponding chlorobenzoic acids. These chlorobenzoic acids can then be degraded 
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by indigenous bacteria, resulting in the production of carbon dioxide, water, chloride 

and biomass (Abramowicz, 1994). 

Both aerobic and anaerobic microbial dechlorination are known to occur. While 

aerobic dechlorination occurs more readily in less-chlorinated PCBs, anaerobic 

dechlorination preferentially reduces more-chlorinated PCBs. Thus, alternate 

anaerobic/aerobic degradation is necessary for complete PCB destruction (Bedard et 

al, 1987b). Both aerobic and anaerobic dechlorination occur preferentially based on 

the chlorine substitution pattern, with or/Zio-substitutions less readily biodegradable. 

1.5.2 Chemical Degradation 

When selecting a technology to treat PCB contaminated wastes, it is necessary to take 

into account the applicability of the technology to the specific waste stream. 

Availability and reliability of the technology is also of vital importance. Numerous 

destruction technologies exist for the partial or complete dechlorination of PCBs. 

which can be classified as thermal and non-thermal. 

L5.2.1 Thermal Technologies 

Incineration is the most widely accepted form of treatment to completely destroy 

organics with high boiling temperatures in soil (Leuser et al., 1990). TSCA requires 

a "six-nines" (99.9999%) destruction and removal efficiency (DRE) of PCBs for 

thermal treatment systems (Amend and Lederman, 1992). Therefore, for an 

incineration system to be permitted to destroy PCB containing wastes, it must be able 

to demonstrate conformance with this strict standard. Although this standard is met. 



if the incineration of PCBs is done at temperatures below 700°C, incomplete 

combustion of the PCBs can result in the formation of dibenzofurans and 

dibenzodioxins, which are much more toxic than the PCBs themselves (Waid, 1986). 

Pyrolytic destruction in a reductive environment was reported as another thermal 

technique (Evans et ai, 1991). The reductive pyrolysis of PCBs demonstrated DREs 

in excess of 99.999%, and the reaction products included several dechlorinated 

aliphatic and aromatic hydrocarbons, soot, and hydrogen chloride. Reaction in an 

oxygen-free envirorunent and at 1000°C prevented the formation of undesirable 

products such as dibenzodioxins or dibenzofurans. 

1.5.2.2 Non-thermal Technologies 

Non-thermal methods achieve the dehalogenation of PCBs by reduction of the 

molecule. One way is to use alkali polyethylene glycolates (APEGs) as a phase-

transfer catalyst in a dehalogenation reaction. Komel & Rogers (1985) formulated 

APEG reagents with an alkali metal or hydroxide and the corresponding polyglycol 

or polyglycol monoalkyl ethers. These alkali PEGs were found to be very reactive 

toward halogenated organics, particularly at elevated temperatures (ca. 60-100°C) and 

have been applied for decontamination of PCBs in transformer oils. The primary 

products were alkali metal halide, i.e., sodium chloride in the case of PCBs and 

polyglycol ether aromatics. The reaction mechanism is nucleophilic substitution at the 

halogen-carbon bond. 
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Combinations of sodium borohydride, alcohols, and KOH were studied by 

Tabaei et al. (1992) and found to be powerful dechlorination media. These 

alkoxyborohydrides formed in situ proved to be very powerful dechlorinating agents, 

and the rate of chlorine displacement was greatly increased with the addition of NiCI-,. 

90% dechlorination of a PCB mixture (Aroclor 1016) was achieved at 68°C in 36 

hours. 

Another area of non-thermal technologies is the electrocatalytic reduction of 

PCBs. Coimors & Rusling observed that 4-chlorobiphenyl and 4,4'-dichlorobiphenyI 

were dechlorinated electrocatalytically to yield biphenyl (1983). In another study, the 

same authors reported that commercial mixtures of PCBs (Aroclors) were 

dechlorinated to biphenyl by ultrasonically-assisted electroreduction with and without 

soluble catalysts (Connors and Rusling, 1984). Ultrasound increased the rate of 

electrolysis at stirred-mercury-pool electrodes by 2- to 3-fold. 

Sugimoto et al. (1988) studied the degradation of polyhalogenated aromatic 

hydrocarbons (e.g., PCBs and hexachlorobenzene) by superoxide ion in 

dimethylformamide to carbonate and halide ions. The efficient destruction of the 

halogenated compounds was accomplished via the in situ electrolytic reduction of 

dissolved oxygen to generate superoxide ion, which reacts with polyhalo aromatics by 

nucleophilic substitution. The superoxide-mediated process was effective for those 

substrates that contained three or more halo atoms per aromatic ring. For those halo 

aromatics that contained less than three halo atoms per ring, the electrolytic reduction 
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process in oxygen-free dimethylformamide solutions provided complete 

dehalogenation to give the parent hydrocarbon. 

Zhang & Rusling first used conductive bicontinuous microemulsions of 

didodecyldimethylammonium bromide, dodecane, and water as media for 

electrochemical catalytic dehalogenation of PCBs (1993). Bicontinuous 

microemulsions are clear, colorless, thermodynamically stable mixtures of water, a 

long-chain alkane, and surfactant. Commercial PCB mixtures (Aroclor 1260) in 

microemulsion were decomposed completely in 18 hours to biphenyl and reduced 

biphenyls. That work was expanded to investigate the electrochemical catalytic 

dechlorination using a bicontinuous microemulsion as a method for the 

decontamination of characterized soils and clay contaminated with 4,4'-

dichlorobiphenyl and Aroclors (Zhang and Rusling, 1995). This method appears to 

be promising for the remediation of PCB-containing soils at ambient temperatures, but 

several hours are required for complete dechlorination even in the presence of zinc 

phthalocyanine, which is used as a catalyst to enhance the efficiency of the 

electrolysis. 

Other chemical methods exist for dechlorinating PCBs, but require elevated 

temperatures, long reaction times, and/or an excess of reagents (Dennis et ai, 1979; 

Hagenmaler et ai, 1987; DeMarini et ai, 1992; Barren et ai, 1993; Roth et al., 1994). 

Elemental iron, for example, required temperatures of approximately 400°C for 

dechlorination of PCBs (Chuang and Larson, 1995). A recently published chemical 
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method (Liu et al, 1995) requires a temperature of 125°C and about 24 hours for the 

complete reductive dechlorination of PCBs by the use of sodium borohydride as the 

reducing agent in the presence of an amine such as pyridine and titanocene dichloride 

as a catalyst in a non-aqueous medium, e.g., trigl3ane. 

Another PCB soil remediation strategy is the use of aqueous surfactant solutions 

for the extraction and separation of PCB from the soil. This is a mass reduction 

process where the PCB is concentrated into a precipitate that is 2-3% of the original 

soil mass (McDermott et al., 1989). The PCBs in the concentrated stream must then 

be either thermally or chemically destroyed (Amend and Lederman, 1992). 

1.6 Scope of this Dissertation 

Given the deleterious effects of PCBs, and as shall be shown later, of other 

oganochlorine compounds, it is of significant importance to find an effective method 

of destroying them. This dissertation will explain how the problem was approached, 

utilizing a novel bimetallic system to dechlorinate these compounds. 

Chapter II deals with the dechlorination of PCBs under different conditions. 

These were the first chlorinated aromatic compounds that were dechlorinated with the 

bimetallic system, giving very promising and encouraging results to extend the studies 

to other compounds. 
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Pentachlorophenol, widely used as a wood preservative, was also studied and its 

dechlorination is discussed in Chapter III. The dechlorination of different chlorinated 

phenols is included in this chapter. 

The last chapter discusses the dechlorination of some common organochlorine 

pesticides, p,p'-DDE and Toxaphene, and soil contaminated with Toxaphene. 

The bimetedlic system successfully dechlorinated all the compounds mentioned 

in this work, proving to have the capability of being a potential remediation 

technology. 
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CHAPTER II 

DECHLORINATION OF POLYCHLOREVATED BIPHENYLS 

II.1 Introduction 

As was discussed in Chapter I, the dechlorination of PCBs is not a trivial problem. 

Incineration has been the most commonly used commercial method of PCB 

destruction. However, incineration at temperatures below 700°C results in the 

incomplete combustion of PCBs with the formation of compounds that are even more 

hazardous than the PCBs themselves, such as polychlorodibenzodioxins and 

polychlorodibenzofurans (Waid, 1986). Therefore, much higher temperatures are 

required to completely decompose PCBs without the formation of hazardous 

intermediate compounds. Even though incineration is very efficient in destroying 

PCBs, because of much anti-incineration sentiment among the press and the public, 

pressure to replace incineration with other technologies continues (Ayen, 1994). 

The aerobic and anaerobic biodegradation of PCBs in soil wath various types of 

microorganisms have been successfully accomplished in laboratory studies, but the 

reactions require months and depend on the ability of the microorganisms to survive 

in systems containing the chlorinated organic compounds (Bedard et al., 1987a; 

Bedard et ai, 1987b; May et ai, 1992; Morris et ai, 1992). 
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Chemical methods have also met with limited success. They either require 

elevated temperatures and/or long reaction times, and more often than not only partial 

dechlorination is achieved (DeMarini et al, 1992; Tabaei et al., 1992; Barren et al., 

1993; Roth et al., 1994; Chuang and Larson, 1995; Liu et ai, 1995; Zhang and 

Rusling, 1995). Therefore, a simple, relatively fast and efficient method that 

completely dechlorinates PCBs is desirable, and was the goal of this research. 

A novel bimetallic system comprised of palladium on iron had been found to 

rapidly dechlorinate one- and two-carbon chlorinated compounds (Mufitikian et al., 

1995). That work was extended to aromatic chlorinated compounds, and is described 

in this dissertation. 

n.2 Experimental 

EI.2.1 Arochlor 1260 

A commercial solution of Arochlor 1260, 100 [ig/mL in methanol, was purchased 

from Chem Service, West Chester, PA. Arochlor 1260 is a mixture of congeners, 

mainly penta-, hexa- and heptachlorobiphenyls, containing 60% chlorine by weight 

(Table 1). It is the commercial mixture available with the highest chlorine content. 

A 20 ppm Arochlor 1260 solution was prepared with 1 mL of the commercial 

mixture, 3 mL of 20% aqueous methanol solution, and 1 mL of acetone. The acetone 

was added to completely solubilize the PCBs after the commercial methanol solution 

was diluted with the 20% aqueous methanol. 



Palladized iron was prepared by depositing palladium on iron, which is a 

spontaneous redox process according to the positive reduction potential: 

oxidation; Fe^"^ + 2e' ^ Fe° E° = -0.44 V 

reduction: PdClg^' + 4e' Pd° + 6 CI' E° = ? 

To find E° for the reduction reaction, we combine reactions for which E" is known: 

PdClg^- + 2e ^ PdCl42- + 2 Cr E° = 1.288 V (1) 

PdCl/- + 2e- Pd° + 4 CI* E° = 0.591 V (2) 

PdClg^- + 4e- Pd° + 6 CI" E° = ? (3) 

AG° = -n^° 

For(l), AG°, =-2.^1.288 V) 

AG°, = -2.576 V ^ 

For (2), AG°2 = -2^0.591 V) 

AG°2 = -1.182 V ^ 

For (3), AG°3 = AG\ + AG°2 

AG°3 = -3.758 V ^ 

Since n = 4 in (3), E° = -AG°3/(n.^ 

E° = -(-3.758 V ^/(4.^ 

E® = 0.939 V 
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Therefore, 

Fe^^ + 2e- Fe° E° = -0.44 V 

PdClg^- + 4e- Pd" + 6 Cl" E° = 0.939 V 

2 Fe° + PdCIg^- 2 Fe^^ + Pd° + 6 CP E° = 1.379 V (4) 

Approximately 2 g of iron particles (< 10 ^m, 99.9+%, from Aldrich, 

Milwaukee, WI) was washed with 6 M HCl and then rinsed with deionized water to 

remove most of the surface oxide layers. This acid wash step was essential to ensure 

reproducibility of results and to prevent the reaction product from adsorbing on the 

palladized iron particles. An aqueous solution of potassium hexachloropalladate 

(K2PdCl6, 99%, from Aldrich, Milwaukee, WI) was prepared and used to deposit 

enough elemental palladium on the iron powder to give 0.05% w/w Pd coverage. The 

palladium was deposited on the iron surface by the redox reaction (4), in which an 

orange solution of KjPdClg was shaken with the iron powder until a pale yellow or 

colorless solution was formed in a few minutes. Control experiments with iron alone 

were also performed. 

The palladized iron (Pd/Fe) bimetallic system was then rinsed with deionized 

water. The 5 mL Arochlor 1260 solution was added to a vial containing the Pd/Fe; 

the vial was capped and placed in a wrist-action shaker. The course of the reaction 

was followed by periodically withdrawing a 1 fiL sample of the solution and injecting 
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Table 1 Average composition of PCB mixtures (% by weight). 

Congeners Arochlor 1254 Arochlor 1260 

T richlorobipheny 1 1 

T etrachlorobiphenyl 21 

Pentachlorobiphenyl 48 12 

Hexachlorobiphenyl 23 38 

Heptachlorobiphenyl 6 41 

Octachlorobiphenyl 8 

Nonachlorobiphenyl I 

it into a Hewlett-Packard 5890A gas chromatograph equipped with an electron capture 

detector. The temperature program was the following: the oven temperature was 

maintained at 140°C for 2 minutes, ramped to 240°C at 10°C per minute, held at this 

temperature for 5 minutes, ramped again to 280°C at 5°C per minute and held at this 

temperature for 5 minutes. The injection port temperature was 275°C and the detector 

temperature was 300°C. The total run time for each 1 fiL sample was 30 minutes. 

Injections were also made into a Hewlett-Packard 5880 gas chromatograph equipped 

with a flame ionization detector. The Pd/Fe surface was extracted with hexane or 

methanol to check for adsorption of reactants or product. Seventy-two separate 

experiments were performed during a period of 9 months with different batches of 

palladized iron containing varying Pd:Fe ratios. The Pd/Fe surface can be used 

repeatedly for the dechlorination reaction, especially if it is acid-washed after it is used 
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three or four times. The results are reproducible and depend only on the experimental 

variables described in section II.3.3. 

The effect of PCB concentration was also studied, by comparing the time it took 

for complete dechlorination of a 20 ppm and a 40 ppm Arochlor 1260 solution treated 

with Pd/Fe with approximately 0.05% Pd coverage. The Pd coverage was later 

increased to 0.5% and a 40 ppm Arochlor 1260 solution was treated with this Pd/Fe 

to observe the effect of Pd coverage on the time required for complete dechlorination. 

n.2.2 Arochlor 1254 

A commercial solution of Arochlor 1254, 100 /xg/mL in methanol, was also purchased 

from Chem Service, West Chester, PA. The predominant congeners in Arochlor 1254 

are tetra-, penta- and hexachlorobiphenyl (Table 1), with 54% chlorine by weight in 

the mixture. The same experimental procedure was followed for Arochlor 1254 as for 

Arochlor 1260. 

II.2.3 Surfactants 

As was mentioned in section 1.5.2.2, the extraction of PCBs from soil with the use of 

aqueous surfactant solutions is a possible remediation technology (McDermott et ai, 

1989). To study the effect of the presence of surfactants in the dechlorination of 

PCBs, experiments were carried out with aqueous solutions of three surfactants. The 

surfactants used to prepare 0.4% aqueous solutions of each were: Triton X-405 

(polyethylene glycol mono[4-(l,l,3,3-tetramethylbutyl)phenyl]ether, from Sigma), 

dodecylbenzene sodium sulfonate (branched) (DBSS, 98%, from Pfaltz & Bauer, Inc.), 



58 

and Tween 80 (polyoxyethylene (20) sorbitan mono-oleate, supplied by Oak Ridge 

National Laboratory). For the structures of these surfactants, see Figure ILL 

Solutions of PCBs were prepared in the following manner: 1 mL Arochlor 1260 in 

methanol, 3 mL of the 0.4% surfactant solution and I mL of acetone. The resulting 

5 mL solution was clear and contained 0.24% v/v of the surfactant. This 5 mL 

solution was added to 2 g of Pd/Fe particles with approximately 0.06% Pd coverage 

and the vial was shaken in a vmst-action shaker. Samples were withdrawn 

periodically and 1.8 \iL was injected into a Hewlett-Packard 5890A gas 

chromatograph equipped with an electron capture detector. Samples were also injected 

into a Hewlett-Packard 5880 gas chromatograph equipped with a flame ionization 

detector. The Pd/Fe was later extracted with hexane, after the solution had been 

decanted, to check for adsorption of chlorinated congeners on the surface of the 

bimetallic system. Control experiments were performed with the same solutions but 

v^th iron alone. The iron was washed with 6 M HCI and rinsed with deionized water 

prior to use. 

The effect of increased surfactant concentration was also investigated by using 

solutions of PCBs containing 2.4% v/v of the surfactant, a ten-fold increase from the 

solutions mentioned above. 
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Figure 11.1 Structures of the three surfactants used. 

n.3 Results and Discussion 

11.3.1 Bare Iron Metal 

It has been reported in the literature diat alkyI halides, RX, can be reduced by iron 

metal (Matheson and Tratnyek, 1994). In the presence of a proton donor like water, 

they typically undergo reductive dehalogenation (Figure 11.2): 
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RH + X" RX 

f 

Figure II.2 Reductive dehalogenation of alkyl halides. 

The reduction mechanism requires adsorption of the organic substrate on the metal 

surface and electron transfer. The chemistry of the system is dominated by anaerobic 

corrosion, i.e., oxidative dissolution of Fe° to Fe^"*". The alkyl halides apparently 

substitute for w^ater in the reaction, providing an alternative oxidant for the iron metal, 

which directly transfers electrons to the adsorbed halocarbon. Partial dechlorination 

of carbon tetrachloride and chloroform occurred in a few hours. 

This reductive dehalogenation process was investigated with compounds where 

R is an aromatic group, such as polychlorinated biphenyls. A 20 ppm solution of 

Arochlor 1260 was prepared as described in section 11.2.1 and mixed with 2 g of iron 

particles (< 10 /im) in a capped vial. The reaction was monitored by injecting 1 fiL 

aliquots of the solution into a gas chromatograph. The resulting chromatograms are 

shown in Figure II.3. The decrease in the intensity of the peaks (Figure 11.3a,b) is 

attributed to the loss of PCBs from solution by adsorption of PCBs on the surface of 

the iron particles. These adsorbed PCBs were extracted from the iron particles with 

methanol (Figure II.3c). The expected dechlorination product of PCBs, biphenyl, was 

not detected in the reaction mixture or in the methanol extract of the iron particles. 
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In the time scale of this experiment, 24 hours, no dechlorination occurred. The 

reductive dechlorination of PCBs by iron metal is therefore extremely slow or not 

feasible at all. 

n.3.2 Pd/Fe Bimetallic System 

A bimetallic system comprised of palladium deposited on iron was found to 

completely dehalogenate alkyl halides in a matter of minutes (Mufitikian et ai, 1995). 

The Pd on the Fe surface acts as a collector of hydrogen gas that is produced by the 

reaction of Fe° with water, i.e., the corrosion reaction of iron (eq 5). 

Fe° + 2 HjO Fe^"" + H2 + 2 OH" (5) 

Palladium has the capability of absorbing hydrogen into its lattice, and therefore 

maintains a high surface concentration of hydrogen (Cheng et al., in press). 

The first compound that was tested with the bimetallic system was die simplest 

chlorinated aromatic, chlorobenzene. A solution of chlorobenzene was prepared and 

its reaction with iron and palladized iron was compared. Figure II.4 shows the results 

of these two parallel experiments. The first peak present in all the chromatograms 

corresponds to the solvent peak. Figure II.4a and b show the chromatograms of the 

chlorobenzene solution before reaction. Figure II.4c shows the chromatogram of the 

chlorobenzene solution after being mixed with iron particles for 24 hours at ambient 

temperature. The only reaction product is chlorobenzene. The decrease in intensity 

of the chlorobenzene peak is most probably due to adsorption of the compound on the 

iron surface, and not to dechlorination. Figure 11.4d shows the chromatogram of the 
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Figure II.3 Gas chromatograms of Arochlor 1260 solution. (a) 
Methanol/water/acetone (1:3:1) solution before treatment with iron particles, (b) 
Solution stirred with iron particles for 24 h. (c) Methanol extract of the iron. 
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Figure II.4 Gas chromatograms of chlorobenzene solutions. Chlorobenzene solution 
(a) before and (c) after being stirred with iron particles for 24 h. Chlorobenzene 
solution (b) before and (d) after being stirred with Pd/Fe for 4 min. 

chlorobenzene solution after being in contact with Pd/Fe for just 4 minutes. In this 

case, the reactant peak disappeared and a product peak appeared, which corresponds 

to benzene. Dechlorination of chlorobenzene by Pd/Fe was achieved in a much 

shorter time than with iron alone. On the basis of these encouraging results a study 

of the dechlorination of PCBs with palladized iron was undertaken. 

n.3.3 Dechlorination of Arochlor 1260 

Figure II.5 shows the gas chromatograms of a 20 ppm solution of Arochlor 1260 

before and after treatment with Pd/Fe. Peaks corresponding to congeners present in 
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the commercial mixture can be seen in the chromatogram on the left (Figure II.5a), 

before treatment with Pd/Fe. After the solution was mixed with Pd/Fe, these peaks 

disappeared and a new peak was evident, corresponding to the dechlorination product, 

biphenyl (Figure II.5b). The product was identified by comparison of retention times 

with a standard biphenyl solution (biphenyl 99%, from Aldrich, Milwaukee, WI). The 

intensity of the peaks corresponding to the chlorinated congeners is small because a 

flame ionization detector was used, which is not very sensitive to halogenated 

compounds. After this experiment, an electron capture detector was used to check for 

the presence or absence of chlorinated congeners, and a flame ionization detector was 

used to check for the presence of dechlorinated product. 

A 20 ppm solution of Arochlor 1260 was prepared and treated with Pd/Fe. All 

the PCB congeners in Arochlor 1260 were successfiilly dechlorinated, at ambient 

temperature, in approximately 5-10 minutes by reacting a methanol/water/acetone 

solution (mixed in a 1:3:1 volume ratio) with a 0.05% w/w palladium/iron bimetallic 

system, Figure 11.6a, b (Grittini et ai, 1995). The Pd/Fe surface was extracted with 

hexane after the reaction to verify that no congeners had adsorbed on it. Negligible 

adsorption occurred (Figure II.6c), and it can be concluded that the disappearance of 

the peaks (Figure 11.6a, b) from the solution is due solely to dechlorination, and not 

to adsorption, contrary to what was found for bare iron. 
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Figure n.5 Gas chromatograms of Arochlor 1260 solution, (a) Arochlor 1260 
solution before treatment with Pd/Fe. (b) Arochlor 1260 solution after being stirred 
with Pd/Fe. 
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Figure II.6 Gas chromatograms of Arochlor 1260 solution. (a) 
Methanol/water/acetone (1:3:1) solution of Arochlor 1260 before treatment with Pd/Fe. 
(b) Solution after stirring with Pd/Fe for 5 min. (c) Hexane extract of Pd/Fe. 



67 

At a fixed total PCB concentration, the rate of the reaction was found to depend 

on the amount of the Pd/Fe used, the percent w/w of the Pd° deposited on the iron 

particles, and on the percent v/v of methanol in the methanol/water/acetone solution. 

The greater the amount of palladized iron and the higher the percent Pd deposited on 

the iron, the faster the reaction, and the higher the methanol concentration, the slower 

the reaction. The reaction product, biphenyl, was detected in solution (Figure II.7) 

and identified by a GC-MS method. The total ion chromatogram shows only one peak 

(Figure II.8a), indicating that there is only one product, and mass spectrometry 

identified that product as biphenyl (Figure II.8b). 

A carbon balance was carried out to further prove that dechlorination of PCBs 

was complete and no lower chlorinated congeners were formed. The extent of 

conversion of the PCBs to biphenyl was determined by employing 2,6-dichlorophenol 

as an internal standard in the hexane extract of the solution after reaction to minimize 

injection volume error (Figure II.9a). A carbon balance indicated a 106% conversion 

of PCBs to biphenyl. The high percentage conversion is most probably caused by 

experimental errors, but essentially all the PCB congeners were dechlorinated, and the 

only reaction products of the dechlorination were biphenyl and chloride ions. These 

products were found only in solution. A hexane extract of the Pd/Fe shows that no 

adsorption of biphenyl had occurred on the surface (Figure II.9b). 

The condition of the iron surface plays an important role in the conversion of 

PCBs to biphenyl. Despite all the attempts to remove the surface oxide layers, an iron 
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Figure 11.7 Gas chromatogram of Arochlor 1260 solution after stirring with Pd/Fe 
for 5 minutes. 

surface when exposed to air and an aqueous solution will form oxide layers in which 

the ratio of oxygen to iron varies as a function of depth from the surface (Kurbatov 

et ai, 1992). The extent of the elemental palladium deposited on this type of surface 

depends on the nature of these oxide layers and the porosity of the surface. In view 

of the strong affinity of PCBs to the surface of iron particles, the dechlorination of 

PCBs occurs when they are adsorbed on the Pd/Fe surface. The PCBs that are 
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Figure 11.8 Arochlor 1260 solution after stirring with Pd/Fe. (a) Total ion 
chromatogram. (b) Mass spectrum of the dechlorination product, identified as 
biphenyl. 
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Figure n.9 Gas chromatograms of hexane extracts, (a) Arochlor 1260 solution stirred 
with Pd/Fe for 5 min and extracted with hexane containing 2,6-dichIorophenol as an 
internal standard, (b) Hexane extract of the Pd/Fe. 
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adsorbed on the Pd/Fe surface are reductively dechlorinated by the H2 collected on the 

palladium. The reaction product, biphenyl, is released into solution or remains 

adsorbed on the surface, depending on how the iron is treated (acid washed or not, 

respectively) prior to the experiment. The reaction product, CI", is released into 

solution and its presence is confirmed by the opalescence produced when a few drops 

of HNO3 and concentrated AgN03 were added to the solution. 

n.3.4 Dechlorination of Arochlor 1254 

A 20 ppm solution of Arochlor 1254 was treated with Pd/Fe and the resulting 

chromatograms are shown in Figure 11.10. Figure II. 10a shows the gas chromatogram 

of the Arochlor 1254 solution before treatment with palladized iron. The great number 

of peaks correspond to the congeners present in the commercial mixture. 

Figure II. 10b shows the gas chromatogram of the same solution after stirring with 

Pd/Fe for 7 minutes. All the congeners present in Arochlor 1254 were completely 

dechlorinated with palladized iron in a few minutes, similar to the results obtained 

with Arochlor 1260. 

n.3.5 Concentration of Arochlor 1260 and Amount of Palladium 

The experiments described so far were performed with 20 ppm solutions of 

commercial mixtures of PCBs (Arochlor 1260 and 1254) and 2 g of palladized iron, 

with approximately 0.05% w/w Pd coverage. The effect of increased concentration 

of PCBs on reaction time was studied by doubling the concentration of Arochlor 1260 

to 40 ppm. The solution was mixed with 2 g of Pd/Fe, with 0.05% w/w Pd coverage 
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Figure 11.10 Gas chromatograms of Arochlor 1254 solution, (a) Arochlor 1254 
solution before treatment with palladized iron particles, (b) Arochlor 1254 solution 
after stirring with Pd/Fe for 7 minutes. 



73 

for more than 90 minutes, and the resulting chromatogram is shown in Figure II.l la. 

It is evident from the chromatogram that complete dechlorination was not achieved, 

even after such a long reaction time. The amount of Pd on the iron was not enough 

to effect dechlorination of a 40 ppm solution of Arochlor 1260. 

A new batch of palladized iron was prepared, this time with 2 g of iron particles 

containing approximately 0.5% w/w palladium, a ten-fold increase in the amount of 

palladium from the previous experiment. A 40 ppm Arochlor 1260 solution was 

mixed with the Pd/Fe and the chromatogram obtained 5 minutes after the reaction 

started is shown in Figure II.l lb. In this experiment, extensive dechlorination 

occiorred in a short amount of time, indicating that if the concentration of PCBs 

increases, the amount of palladium deposited on the iron must also increase to keep 

the reaction time short. 

II.3.6 Dechlorination in the Presence of Surfactants 

As stated in section 1.5.2.2, the use of aqueous surfactant solutions has been proposed 

for the extraction and separation of PCBs from soil. Following the extraction step, 

the surfactant extract must still be incinerated to destroy the PCBs. A possible 

application of the Pd/Fe system would be to treat this extract and dechlorinate the 

PCBs. It must first be known if the surfactant present in the extract would interfere 

with die dechlorination by blocking the surface of the palladized iron, preventing the 

PCBs from reaching the surface, or both. To investigate this, a 20 ppm Arochlor 1260 

solution was prepared in aqueous surfactant. Three commonly used surfactants were 
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Figure 11.11 Gas chromatograms of Arochlor 1260 solution, (a) 40 ppm Arochlor 
1260 after stirring with Pd/Fe (0.05% Pd coverage) for 1 hr 46 min. (b) 40 ppm 
Arochlor 1260 after stirring with Pd/Fe (0.5% Pd coverage) for 5 minutes. 
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studied, Triton X-405, dodecylbenzene sodium sulfonate, and Tween 80. 

The PCBs in the aqueous surfactant solution was first mixed with iron particles. 

Figure 11.12 shows the chromatograms of the Arochlor 1260 in aqueous Triton X-405 

solution (0.24% v/v surfactant) before and after treatment with iron particles. 

Figure 11.13 shows the chromatograms of the Arochlor 1260 in aqueous 

dodecylbenzene sodium sulfonate solution (0.24% v/v surfactant) before and after 

treatment with iron particles. In both sets of chromatograms it can be observed that 

dechlorination did not occur under these conditions with bare iron, as evidenced by 

the amount of PCBs that had adsorbed on the iron surface and were extracted with 

hexane (Figure II. 12c, Figure 11.13c). 

The same experiments were repeated with Pd/Fe. Figure 11.14 shows the 

chromatograms of the Arochlor 1260 in aqueous Triton X-405 solution (0.24% v/v 

surfactant) before and after treatment with Pd/Fe. The intensities of the peaks in 

Figure II. 14a are high because the surfactant helps solubilize the hydrophobic PCBs 

in water. It can be seen that after only 7 minutes of reaction (Figure II. 14b) almost 

complete dechlorination had occurred, as opposed to the use of iron alone. The 

product, biphenyl, was found in solution (Figure II. 15a), and not adsorbed on the 

Pd/Fe, as evidenced by a negligible biphenyl peak in the hexane extract of the Pd/Fe 

surface (Figure II. 15b). 

Figure 11.16 shows the chromatograms of the Arochlor 1260 in aqueous 

dodecylbenzene sodium sulfonate solution (0.24% v/v surfactant) before and after 
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Figure n.l2 Gas chromatograms of Arochlor 1260. (a) Arochlor 1260 in Triton X-
405 aqueous solution (0.24%). (b) Solution after stirring with iron particles for 47 
minutes, (c) Hexane extract of the iron particles. 
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Figure n.l3 Gas chromatograms of Arochlor 1260. (a) Arochlor 1260 in 
dodecylbenzene sodium sulfonate aqueous solution (0.24%). (b) Solution after stirring 
with iron particles for 47 minutes, (c) Hexane extract of the iron particles. 



78 

treatment with Pd/Fe. The dechlorination occurred over a longer time with this 

surfactant than with Triton X-405, but it was still achieved. 

The amount of surfactant in solution was increased to 2.4% v/v, and the 

experiments, when repeated with Pd/Fe, gave the same results as above. 

II.4 Summary of Results 

Bare iron metal was unsuccessful in dechlorinating PCBs. Instead, the palladized iron 

bimetallic system proved to be very effective in completely dechlorinating PCBs at 

ambient temperatures, a task that had never been accomplished before under these 

mild conditions. The dechlorination efficiency was found to be greater than 100%, 

and the only reaction products are biphenyl and chloride ions. No lower chlorinated 

biphenyls were identified. The amount of palladium deposited on the iron determines 

the reaction time, and more palladium is necessary if the concentration of PCBs 

increases. Finally, the presence of surfactants in the solution (up to 2.4% v/v) does 

not inhibit the dechlorination reaction. 
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Figure 11.14 Gas chromatograms of Arochlor 1260 in Triton X-405 aqueous solution 
(0.24%). (a) Solution before Pd/Fe treatment, (b) Solution after stirring with Pd/Fe for 
7 minutes. 
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Figure 11,15 Gas chromatograms of Arochlor 1260 in Triton X-405 aqueous solution 
(0.24%). (a) Hexane extract of the solution, containing 2,6-dichlorophenol as an 
internal standard, (b) Hexane extract of the Pd/Fe particles. 
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Figure 11.16 Gas chromatograms of Axochlor 1260 in dodecylbenzene sodium 
sulfonate aqueous solution (0.24%). (a) Solution before Pd/Fe treatment, (b) Solution 
after Pd/Fe - 6 minutes, (c) Solution after Pd/Fe - 42 minutes. 



CHAPTER III 

DECHLORINATION OF PENTACHLOROPHENOL 

82 

in.l Introduction 

Phenol (CgHjOH) was fonnerly used to some extent as an oil-base roach and bedbug 

spray (Hayes and Laws, 1991). However, chlorination increases the persistence and 

the insecticidal and fungicidal effectiveness of phenol. Of the simple chlorinated 

phenols, pentachlorophenol has been used most extensively. 2,3,4,6-

Tetrachlorophenol, 2,4,5-trichlorophenol, 2,4,6-trichlorophenol, and2,4-dichlorophenol 

have been used for essentially the same purposes but to a lesser degree. 

OH 

CL 

a.̂  

ci 

Figure III.1 Structure of pentachlorophenol. 

Pentachlorophenol (PCP, Figure III.l) has a wdde range of biocidal activity and 

it is widely used as a wood preservative and as a herbicide and insecticide in 

agriculture and in a variety of manufacturing processes (World Health Organization, 

1987). PCP is commercially produced by the stepwise chlorination of phenols in the 

presence of catalysts (e.g., aluminum, antimony and their chlorides). It was first 

introduced in 1936 for timber preservation and was later used as a herbicide. It is 
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used for the control of termites and for protection against fungal rots and wood-boring 

insects in timber. The use of pentachlorophenol has been restricted in the United 

States, where only certified applicators can purchase and use the chemical. It is still 

used in industry as a wood preservative for power line poles, railroad ties, cross arms, 

and fence posts. It is no longer found in wood preserving solutions or insecticides and 

herbicides that were accessible to the public for home and garden use. 

in.1.1 Pentachlorophenol's Fate in the Environment 

Pentachlorophenol being a weak acid (pKa = 4.75) reacts with strong bases to give the 

corresponding water soluble salt. The relatively high volatility of PCP and the water 

solubility of its ionized form have led to widespread contamination of the envirormient 

with this compound. The principal use as a wood preservative results in both point 

source water contamination at manufacturing and wood preservation sites and nonpoint 

water contamination through runoff wherever there are PCP-treated lumber products 

exposing PCP to soil (Sittig, 1991). Depending on the solvent, temperature, pH, and 

type of wood, up to 80% of PCP may evaporate from treated wood within 12 months. 

PCP can leach out of treated wood and high concentrations have been reported 

within short distances of telegraph poles. When released in the environment, PCP 

interacts with soil and organic matter. The adsorption and leaching behavior of PCP 

varies from soil to soil. Adsorption of PCP decreases with rising pH and so PCP is 

most mobile in mineral soils, and least mobile in acidic clay, sandy soils and soils 

with high organic content (Choi and Aomine, 1974; Shimizu et ai, 1992; Banerji et 
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al., 1993; Warith et ai, 1993). Based on the pH and presence of solvents, the 

potential for significant migration and eventual contamination of the surface and 

ground water exists (Bajpai and Banerji, 1992). 

in.1.2 Toxicology 

The high solubility of PCP in organic solvents including skin oils pose a potential 

threat for PCP absorption through the skin following dermal contact (Tanjore and 

Viraraghavan, 1994). PCP could be absorbed into the body through inhalation, diet 

or skin contact. The acute toxicity of PCP results from its ability to inhibit production 

of high energy phosphate compounds essential for cell respiration. This interference 

or uncoupling causes stimulation of the cell metabolism to the toxic stage, which is 

accompanied by fever and other signs of stress (Williams, 1982). 

Pentachlorophenol is the most toxic among the chlorophenols and has the highest 

bioaccumulation potential (Tanjore and Viraraghavan, 1994). It is highly toxic to fish 

and other aquatic organisms with a LC50 of 0.2 to 0.6 ppm (Cote, 1972). 

Accumulations have also been reported in livestock and humans (Shafik, 1973). Fish 

can bioaccumulate PCP from water up to 10,000 times (Fox and Joshi, 1984). 

Human illness and deaths have been reported from improper handling of PCP 

treated lumber, PCP contaminated sawdust and firom exposure while spraying solution 

of PCP in fuel oil as a herbicide (Shafik, 1973). 

The first deaths due to PCP contamination occurred at a wood preservative plant 

in France in 1952. Other deaths have been reported in Japan in 1953 at a chemical 
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plant, in herbicide spraying in Australia in 1956, at a saw mill in Indonesia in 1958. 

in South Africa in 1961 and in Canada and the United States in 1965 (Wood et ai, 

1983). 

Cases of PCP poisoning leading to fatality are characterized by high fever, renal 

insufficiency, profuse perspiration, rapid heartbeat and breathing, abdominal pain, 

dizziness, nausea, spasms and death between 3 to 25 hours after onset of the 

symptoms (Knudsen et ai, 1974; Wood et ai, 1983). Symptoms of non fatal 

contamination include conjunctivitis, chronic sinusitus, nasal irritation, respiratory 

complaints, weakness and several types of skin lesions (Knudsen et ai, 1974; Rozman 

et ai, 1982). A possible antidote to PCP poisoning is the administration of 

cholestyramine, a compound that interferes with the enterohepatic cycle of PCP, and 

also increases the elimination directly across the intestinal wall (Rozman et ai, 1982). 

Due to the acute and chronic toxicity of PCP, its concentration in water bodies 

as well as drinking water has to be limited. The Environmental Protection Agency 

(EPA) has set a limit for drinking water of 1 ppb pentachlorophenol. EPA 

recommends that children not drink water containing more than 0.3 ppm 

pentachlorophenol for longer than one day; adults should not drink water with more 

than 1 ppm. The Occupational Safety and Health Administration (OSHA), the 

National Institute for Occupational Safety and Health (NIOSH), and the American 

Conference of Governmental and Industrial Hygienists (ACGIH) recommend a 

maximum level of 0.5 mg/m^ of workplace air for an 8-hour workday over a 40-hour 
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workweek. These agencies advise avoiding eye and skin contact because this may be 

a route of significant exposure. 

in.1.3 Remediation Technologies 

The acute and chronic toxic effects of PCP pollution have deemed its removal from 

the environment an important problem. PCP is acutely toxic to aquatic life and is 

considered a priority toxic organic pollutant (Tanjore and Viraraghavan, 1994). 

Remediation methods such as microbial degradation of PCP have met with limited 

success. PCP is presumed to be highly resistant to microbial degradation due to its 

heavily chlorinated organic structure. Biodegradation has been extensively studied, 

but high concentrations of PCP in the soil show potential toxicity to microorganisms 

(Bajpai and Baneiji, 1992). 

Photodegradation has been investigated as a means to decontaminate soil, and 

has proved successful in reducing the levels of PCP (Ghoshal et ai, 1992). However, 

the main metabolite formed by photolysis was found to be tetrachlorocatechol 

(Figure III.2), after 12 hours of irradiation. 

OH 

a 

Figure ni.2 Structure of tetrachlorocatechol. 
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Other dehalogenatioti methodologies have been studied, such as dechlorination 

with transition metal-promoted alkoxyborohydrides (Tabaei and Pittman, 1993), 

photocatalytic degradation on TiOj particles (Mills and Hoffinann, 1993), and 

peroxide treatment (Watts et ai, 1990). 

The dechlorination of pentachlorophenol reported by Tabaei and Pittman (1993) 

is shown in Figure III.3. 

OH OH 

NiQa ICH3OCH2CH2OH + NaBHiCOOtCHzOCHjh 

a 

Figure in.3 Dechlorination of pentachlorophenol with transition metal-promoted 
alkoxyborohydrides (Tabaei and Pittman, 1993). 

Under these conditions, 98% of pentachlorophenol was reduced after 2 hours at 68°C. 

Phenol (77.8%) was the major product and cyclohexanol (20%) was also obtained. 

There is still the need for an inexpensive method that can dechlorinate PCP 

completely and rapidly. 

III.2 Experimental 

III.2.1 Pentachlorophenol 

Batch experiments were performed with aqueous solutions of pentachlorophenol 

(99.8%, from Sigma, St. Louis, MO). Since PCP is only slightly soluble in water. 
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methanol (5 - 35% v/v) was added to the solution to completely dissolve the 

compound. When calculating the extent of the reaction, a suitable internal standard 

(p-cresol, 99%, from Aldrich, Milwaukee, WI) was added to the solution to minimize 

injection volume errors in the calculations. Different PCP solutions were prepared, 

ranging in concentration from 20 to 500 ppm. 

Approximately 3 g of palladized iron was prepared in 10 mL capped vials, 

according to the procedure described in section II.2.1. 5 mL of a PCP solution was 

added to a vial containing the Pd/Fe; the vial was capped and placed in a wrist-action 

shaker. The course of the reaction was followed by periodically withdrawing a 1.8 

fiL sample of the solution and injecting it into a Hewlett-Packard 5890A gas 

chromatograph equipped with an electron capture detector. The temperature program 

was the following: the oven temperature was ramped from 100°C to 280°C at 20°C 

per minute and held at 280°C for 5 minutes. The injection port temperature was 

275°C and the detector temperature was 300°C. The total run time for each 1.8 ixL 

sample was 14 minutes. Injections were also made into a Hewlett-Packard 5880 gas 

chromatograph equipped with a flame ionization detector to detect phenol, the reaction 

product. The runs were isothermal (oven temperature = 150°C), with the injection 

port temperature and detector temperature both set at 250°C. Samples were also 

injected into a DB5 column in a Hewlett-Packard 5890 quadrupole GC-MS to obtain 

total ion chromatograms and mass spectra. 
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1II.2.2 Chlorinated phenols 

Batch experiments were also performed with aqueous solutions of a series of lower 

chlorinated phenols: 2-chlorophenol, 4-chlorophenol, 2,3-dichlorophenol, 2,4-

dichlorophenol, 2,6-dichlorophenol, 2,3,4-trichlorophenoI, 2,3,5-trichlorophenol, and 

2,4,6-trichlorophenol. All the compounds were obtained fi-om Aldrich, Milwaukee, 

WI. 40 ppm solutions of these chlorinated phenols were prepared and reacted with 

5 g of Pd/Fe. Three compounds were also selected, representative of each level of 

chlorination, to calculate a carbon balance of the reaction with Pd/Fe: 4-chlorophenol, 

2,6-dichlorophenol, and 2,4,6-trichiorophenol. In this case, methanol was added to the 

solutions along with /?-cresol (an internal standard). 

in.2.3 Palladized Aluminum 

Preliminary experiments were done with another bimetallic system, palladized 

aluminum. This system was investigated to study the ease of palladium deposition on 

aluminum and to compare the reaction time of both systems, Pd/Fe and Pd/Al. 

According to the reduction potentials, 

3 PdClg^- + 12e- 3 Pd° + 18 Cr E° = 0.939 V 

4Al^^ + I2e- 4 Al° E° =-1.662 V 

4 Al° + 3 PdClg^- 4 Al^^ + 3 Pd° + 18 CI* E" = 2.601 V (1) 

E° for equation (1) is positive, so the deposition of palladium on aluminum is 

spontaneous and should be favorable. 
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Approximately 3 g of aluminum (purified, granular, 8-20 mesh, from J. T. Baker 

Chemical Co., Phillipsburg, NJ) was washed with 0.1 M HNO3 for about 1 hour and 

then rinsed with deionized water. A solution of potassium hexachloropalladate was 

prepared by dissolving 0.0025 g of K2PdCl6 in 25 mL of water. This orange solution 

was added to the aluminum and stirred for 45 minutes. The resulting solution was 

brownish-gray, and the aluminum was a darker gray after palladization. Solutions of 

chlorinated phenols were added to vials containing Pd/Al; the vials were capped and 

shaken. The reaction was followed by periodically withdrawing a 1 sample of the 

solution and injecting it into a Hewlett-Packard 5880A gas chromatograph equipped 

with a flame ionization detector. The oven temperature was held at 220°C, and the 

injection port temperature and detector temperature were both set at 250°C. 

ni.3 Results and Discussion 

in.3.1 Dechlorination of Pentachlorophenol 

Figure III.4 shows the gas chromatograms of a 20 ppm pentachlorophenol solution in 

5% v/v methanol/water before and after treatment with 3 g of palladized iron. The 

pentachlorophenol solution was mixed with the palladized iron for just 3 minutes, and 

complete dechlorination occurred rapidly. 

The total ion chromatograms of a pentachlorophenol solution before and after 

Pd/Fe treatment are shown in Figure III.5. The chromatograms show that the 

compounds present in solution before and after the reaction with Pd/Fe are different. 
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PCP 

Solvent 

Time (minutes) 

Figure III.4 Gas chromatograms of a 20 ppm pentachlorophenol solution (a) before 
and (b) after treatment with Pd/Fe (3 minutes). 
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having different retention times. 

The total ion chromatogram and the mass spectrum of the compound present in 

solution before treatment with palladized iron are shown in Figure III.6. As expected, 

there is only one compound present and the mass spectrum corresponds to 

pentachlorophenol. 

The total ion chromatogram of the solution after treatment with palladized iron 

is shown in Figure III.7a. The chromatogram presents two peaks, one at 3.15 minutes 

and another at 3.79 minutes. The mass spectrum of the compound having a retention 

time of 3.79 minutes is shown in Figure III.7b. By its fragmentation pattern, this 

compound is identified as phenol, which is the expected product of the complete 

dechlorination of pentachlorophenol. The mass spectrum of the other compound, 

which has a retention time of 3.15 minutes, is shown in Figure III.8. The 

fragmentation pattern corresponds to cyclohexanone, an unexpected product of the 

reductive dechlorination of pentachlorophenol with palladized iron. 

To ftirther investigate these results, a 200 ppm solution of phenol was prepared 

in water and mixed with Pd/Fe for 2 days. Figure III.9 shows the total ion 

chromatogram and the mass spectrum of the compound present in solution before 

Pd/Fe treatment, which is phenol. Figure III. 10 shows the total ion chromatogram 

obtained when the phenol solution was treated with Pd/Fe for 2 days. There are two 

compounds present in solution, one is phenol, with a retention time of 1.25 minutes, 

and the other one has a shorter retention time, 0.88 minutes. The mass spectrum of 
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Figure III.5 Total ion chromatograms of a pentachlorophenol solution before and 
after treatment with Pd/Fe. 
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Figure nL6 (a) Total ion chromatogram and (b) mass spectrum of a 
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Figure in.7 (a) Total ion chromatogram of a pentachlorophenol solution after 
treatment with Pd/Fe. (b) Mass spectrum of the compound with a retention time of 
3.79 minutes. 



96 

-110 

Figure 111.8 Mass spectrum of the compound present in solution (retention time 3.15 
minutes) after a solution of pentachlorophenoi was treated with Pd/Fe. 
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this compound is shown in Figure III. 11a. This compound was identified as 

cyclohexanol, by comparing its mass spectrum to the standard mass spectrum of 

cyclohexanoi (Figure III.lib). 

The formation of cyclohexanol by the reduction of pentachlorophenol has been 

previously observed (Mukumoto et al., 1995). Pentachlorophenol was reduced to 

cyclohexanol using Raney nickel-aluminum alloy in a BaO-DjO solution under 

sonication for 2 hours at 60°C. It is plausible, therefore, that Pd/Fe could reduce 

phenol to cyclohexanol. More experiments need to be done to confirm this. 

Since no intermediates were detected when a 20 ppm solution of 

pentachlorophenol was dechlorinated, the concentration of the solution was increased 

to 500 ppm to investigate if dechlorination occurs in a stepwise manner. 

Figxire III. 12a shows the total ion chromatogram of the 500 ppm 

pentachlorophenol solution before treatment with palladized iron. Two peaks are 

present: one with a retention time of 4.10 minutes, and the other with a retention time 

of 10.31 minutes. The mass spectrum of the compound with a retention time of 10.31 

minutes is shown in Figure III. 12b. The fragmentation pattern corresponds to 

pentachlorophenol. The mass spectrum of the other compound, with a retention time 

of 4.10 minutes, is shown in Figure III. 13a. The fragmentation pattern matches that 

corresponding to pyrazole (Figure III. 13b). The sample is most likely contaminated 

with pyrazole, whose origin is unknown. 
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Figure 111.9 (a) Total ion chromatogram and (b) mass spectrum of a 200 ppm phenol 
solution before treatment with palladized iron. 
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Figure III.11 (a) Mass spectrum of the compound present in solution (with 0.88 
minutes retention time) after treatment of a 200 ppm phenol solution with Pd/Fe. (b) 
Mass spectrum of cyclohexanol. 
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The 500 ppm solution of pentachlorophenol was allowed to react with Pd/Fe for 

69 minutes and the total ion chromatogram of the solution after this reaction time is 

shown in Figure III. 14. Some small new peaks are evident in the chromatogram, and 

the peak corresponding to pentachlorophenol is still present. The mass spectrum of 

the compound with a retention time of 8.94 minutes is shown in Figure III. 15 at the 

top. The bottom spectrum of Figure III. 15 corresponds to 2,3,4,5-tetrachlorophenol, 

and matches the top spectrum, indicating that this tetrachlorophenol is an intermediate 

in the dechlorination reaction of pentachlorophenol. The mass spectrum of the 

compound with a retention time of 9.27 minutes is shown at the top of Figure 111.16. 

The bottom spectrum shown in Figure III. 16 corresponds to 2,4,6-trichlorophenol, and 

is very similar to the top spectrum. This also indicates that this trichlorophenol is an 

intermediate, suggesting that the dechlorination of pentachlorophenol is stepwise, with 

the intermediates found in solution. 

in.3.2 Dechlorination of Chlorinated Phenols 

40 ppm standard solutions of a series of lower chlorinated phenols were 

prepared, and all were treated with palladized iron. The results are summarized in 

Table 1. The results obtained indicate that complete dechlorination of the chlorinated 

phenols is achieved, and the position of the chlorine(s) on the ring do not seem to 

influence the removal of chlorines, since the same product is obtained in all cases. 

The reactions occurred rapidly, with no detection of intermediates, and phenol was 

identified as the only product. 
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Figure 111.12 (a) Total ion chromatogram of 500 ppm pentachlorophenol solution 
before treatment with palladized iron, (b) Mass spectrum of the compound with 
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Figure 111.13 (a) Mass spectrum of compound with retention time 4.10 minutes, 
found in the 500 ppm pentachlorophenol solution before it was treated with Pd/Fe. (b) 
Mass spectrum of pyrazole. 
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after mixing with palladized iron for 69 minutes. 
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Figure 111.15 Mass spectrum of compound with retention time 8.94 minutes, found 
in the 500 ppm pentachlorophenol solution after mixing with Pd/Fe for 69 minutes 
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Figure 111.16 Mass spectmm of compound with retention time 9.27 minutes, found 
in the 500 ppm pentachlorophenol solution after treatment with Pd/Fe for 69 minutes 
(top) and mass spectrum of 2,4,6-trichlorophenol (bottom). 
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ni.3.3 Carbon balance 

A carbon balance was calculated for four chlorinated phenols: 4-chlorophenoI, 2,6-

dichlorophenol, 2,4,6-trichlorophenol, and pentachlorophenol. The results are 

svunmarized in Table 2. Greater than 100% conversion to phenol was achieved in all 

cases. The high number is most probably due to experimental error, but essentially 

all the chlorines are removed to yield phenol as the only product in all four instances. 
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Table 1 Reaction of chlorinated phenols with Pd/Fe 

Compound Retention Reaction Product Product 

time time retention 

(min.) (min.) time 

(min.) 

Solvent 2.19 

Phenol 2.49 

2-Chlorophenol 2.6 2 2.48 Phenol 

4-ChlorophenoI 2.95 3 2.48 Phenol 

2,3-Dichlorophenol 3.09 2 2.48 Phenol 

2,4-Dichlorophenol 3.04 J 2.47 Phenol 

2,6-DichlorophenoI 3.15 2 2.48 Phenol 

2,3,4-T richlorophenol 3.98 3 2.48 Phenol 

2,3,5-TrichlorophenoI 3.76 4 2.48 Phenol 

2,4,6-TrichlorophenoI 3.83 4 2.47 Phenol 
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Table 2 Carbon balance of reaction of chlorinated phenols with Pd/Fe 

Compound Expected 

[phenol] 

Obtained 

[phenol] 

% 

Conversion 

4-Chlorophenol 1.29 X IQ-^ M 1.99 X 10"^ M 154% 

2,6-Dichlorophenol 8.16 X 10"^ M 1.03 X 10"^ M 126% 

2,4,6-T richlorophenol 6.43 X 10"^ M 8.86 X 10"^ M 138% 

Pentachlorophenol 3.27 X IQ-^ M 3.65 X 10"^ M 112% 
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in.3.4 Palladized Aluminum 

Standard solutions of chlorinated phenols, except pentachlorophenol, were prepared 

and treated with palladized aluminum. The results are shown in Table 3. 

Table 3 Reaction of chlorinated phenols with Pd/Al 

Compound Time of appearance of 

phenol peak 

Time of complete 

reaction 

2-Chlorophenol 7 minutes > 2 hours 

4-Chlorophenol 12 minutes > 2 hours 

2,3-Dichlorophenol 32 minutes > 5 hours 

2,4-Dichlorophenol > 2 hours > 5 hours 

2,6-Dichlorophenol 19 minutes > 1 hour 

2,3,4-Trichlorophenol 23 minutes > 1 hour 

2,3,5-Trichlorophenol 25 minutes > 3 hours 

2,4,6-Trichlorophenol 18 minutes > 2 hours 

The results indicate that palladized aluminum is capable of dechlorinating chlorinated 

phenols, but much more slowly than palladized iron. Deposition of palladium on 
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aluminum was also much slower than on iron. This bimetallic system needs to be 

studied further. 

in.4 Summary of Results 

Complete dechlorination of pentachlorophenol was achieved by mixing a solution of 

PCP with palladized iron. The reaction is shown in Figure 111.17. 

OH OH 

cr " 
a 

Pentachlorophenol Phenol 

Figure in. 17 Reaction of pentachlorophenol with palladized iron. 

Palladized iron is also effective in dechlorinating other chlorinated phenols, 

regardless of the position of the chlorine atom(s) on the ring. Phenol was identified 

as the reaction product in the majority of the cases, although some results Indicate that 

cyclohexanol might also be formed. 

Dechlorination of the chlorinated phenols is complete, as evidenced by the 

greater than 100% carbon balance. No lower chlorinated intermediates are detected, 

except when the concentration of the chlorinated phenol is greatly increased (e.g., 500 

ppm) and the reaction is slowed down considerably. The intermediates identified 

suggest that dechlorination occurs in a stepwise manner, although no information is 

available at this moment as to which chlorines are removed first. 

Q 
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Palladized aluminum was found to dechlorinate chlorinated phenols, but not as 

efficiently as palladized iron. The reactions were orders of magnitude slower than 

with Pd/Fe, and the ease of preparation of Pd/Fe is not comparable to the preparation 

of Pd/Al, which also takes longer. At this moment, the most effective and simple 

bimetallic system was found to be Pd/Fe. 
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CHAPTER IV 

DECHLORINATION OF /;,p'-DDE AND TOXAPHENE 

rV.l Introduction 

Pesticides are chemical or biological substances intended to control weeds, insects, 

flingi, rodents, bacteria and other pests. They protect food crops and livestock, control 

household pests (e.g., termites), promote agricultural productivity, and protect public 

health (e.g., by eliminating disease carrying insects). In the early 20^ century, 

pesticides were simple, inorganic chemicals, such as lead arsenate, hydrogen cyanide, 

and compounds containing copper, mercury and zinc. Naturally occurring organic 

compounds were also used, such as nicotine and strychnine (Marco et al, 1991). By 

World War II, synthetic organic pesticides had emerged, demonstrated great 

effectiveness, and received rapid market acceptance. Organochlorine insecticides such 

as aldrin, dieldrin, chlordane, heptachlor, lindane, endrin, toxaphene, and DDT were 

highly effective in controlling insects at very low dosages (McKenna & Cuneo, 1993). 

At first, environmental effects and the probability for organism resistance were 

not considered. Eventually, evidence of persistence in the environment, environmental 

metabolism (including intoxication), and organism resistance began accumulating. In 

the United States, the 1960s brought greatly increased public sensitivity to 

environmental pollution. The 1970s marked the decade of congressional response to 

growing public concern and outcry against environmental pollution. President Nixon 



114 

established the Environmental Protection Agency (EPA) in 1970. EPA assumed 

regulatory responsibility for pesticides. Proof of envirormiental safety and consumer 

safety was required before a compound could be registered as a pesticide. The 1980s 

gave birth to several tough federal enviroimiental laws (Majumdar, 1993). 

Two such pesticides that were greatly used and later were barmed by EPA in the 

United States are DDT and toxaphene. 

rV.2 p,p'-DDE 

Dichlorodiphenyldichloroethylene or 2,2-bis(4-chlorophenyl)-l, 1-dichloroethylene 

{p,p -DDE) has no commercial use in itself, but it is a major and persistent metabolite 

of the widely used DDT. Dichlorodiphenyltrichloroethane, DDT, is a low-cost broad-

spectrum insecticide that came to widespread attention because it dramatically 

controlled typhus and malaria in time of war (Hayes and Laws, 1991). When it 

became available for civilian use, it controlled flies and other pests that may transmit 

disease, and it increased the production of important crops. However, following an 

extensive review of health and environmental hazards of the use of DDT, U.S. EPA 

decided to ban further use of DDT in December 1972, except for public health 

emergencies (Sittig, 1991). This decision was based on several properties of DDT that 

had been well established; 1) DDT and its metabolites are toxicants with long-term 

persistence in soil and water; 2) it is widely dispersed by erosion, runoff and 

volatilization; and 3) the low water solubility and high lipophilicity of DDT result in 
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concentrated accumulation of DDT in the fat of wildlife and humans, which may be 

hazardous. 

The presence of DDT in the environment is generally a result of contamination 

due to past production and use and subsequent movement from sites of application to 

land, water, and air. DDT in soil usually breaks down to form DDE by 

dehydrochlorination (Figure IV. 1). 

Figure IV. 1 Conversion of DDT to DDE by dehydrochlorination. 

The Department of Health and Human Services (DHHS) has determined that 

DDT may reasonably be anticipated to be a human carcinogen. DHHS has not 

classified DDE, but EPA has determined that it is a probable human carcinogen. 

IV.2.1 Remediation Methods 

DDE is a major environmental pollutant in its own right. It bioaccumulates in animals 

occupying higher trophic levels and is thought to be one of a number of 

CI 
Ck I ^C1 

AP'-DDT AP'-DDE 
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organochlorine compounds that interfere with reproductive processes in birds (Moore 

and Walker, 1964; Menzer and Nelson, 1980). DDE is also extremely resistant to 

microbial degradation. For a long time, the conversion of DDT to DDE by 

microorganisms had been termed "a dead-end side reaction." It has been suggested 

that microorganisms could be used to bioremediate DDT-contaminated soils. 

However, because substantial amounts of DDE are present in sites contaminated with 

DDT, and because DDE is a metabolite of DDT in many microorganisms, it is 

necessary to identify microorganisms that can degrade DDE. Bumpus et al. (1993) 

have identified a microorganism that is able to degrade DDE to carbon dioxide. 

Although this is the first microorganism identified with this capability, long incubation 

times are necessary for significant degradation. 

The catalytic hydrodechlorination of p,p '-DDE was studied in a continuous gas-

phase reactor over a Pd on AI2O3 catalyst at 170-230°C, 40-670 Torr of H2 (LaPierre 

et al., 1978). Five major DDE hydrodechlorination products were observed, 

containing firom 0 to 3 chlorine atoms per molecule (Figure IV.2). The authors state 

that aromatic hydrodechlorination proceeds in parallel with removal of the two olefmic 

chlorines. Simultaneous removal of both aromatic chlorines or aromatic and olefinic 

chlorines was not observed by the authors under the experimental conditions 

employed. The observed products of DDE hydrodechlorination suggest that removal 

of aromatic and olefmic chlorines proceeds by two separate routes, indicating that 

there are two types of adsorbed states for DDE. One involves adsorption of an 
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Figure rV.2 Structures of the five major DDE hydrodechlorination products. 
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Figure IY.3 Proposed network for DDE hydrodechlorination, based on observed 
stepwise removal of aromatic chlorines and parallel removal of olefinic chlorines 
(LaPierre et ai, 1978). 
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aromatic moiety and the other adsorption of the olefmic moiety. Because of the 

multiplicity of reaction sites on the DDE molecule with four chlorine atoms, the entire 

reaction sequence to produce a chlorine-free diphenylethane must follow a network 

of concerted steps for olefinic chlorine removal and single steps for aromatic chlorine 

removal, as proposed in Figure IV.3. The concerted process of removal of olefinic 

chlorines refers to a number of reactions that occurs without the need for intermediate 

species desorption. These reactions may or may not be stepwise on the surface of the 

catalyst. 

The photochemical transformation of p,p '-DDE is not a remediation method, but 

it yields different products than the starting material. When exposed to sunlight, DDE 

undergoes photoisomerization in solution, which involves the exchange of a vinyl 

chlorine and an ortho aromatic hydrogen. Figure IV.4 (Gothe et al., 1976; Zepp et al., 

1977). NMR spectra indicated that DDE predominantly isomerized to the isomer with 

the ortho chlorinated ring and the vinyl chlorine on the same side of the double bond 

(the CIS isomer). Other products are formed during photolysis of DDE. The products 

identified by infrared and mass spectrometry are shown in Figure IV.5. 

The observed products can be explained by a mechanism which involves the 

formation of free radicals. The initial step involves cleavage of a vinyl carbon-

chlorine bond to yield a pair of free radicals (Figure 1V.6). In solution, the radicals 

do not difflise apart immediately because they are closely surrounded by solvent 

molecules. A portion of the solvated free radicals may combine to reform DDE or to 
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(2) 

Figure IV.4 Photo-isomerization of DDE to yield a mixture of the cis and trans 
isomers of l-(4-chlorophenyI)-l-(2,4-dichlorophenyl)-2-chloroethylene (1 and 2). 

form the photoisomer as shovm in Figure IV.6. The remainder of the free radicals 

diffuse apart, that is, escape the solvent "cage", then react with oxygen or the solvent 

to form the other products. 

Studies under sunlight of the photolysis of the photoisomer of DDE, l-(4-

chlorophenyl)-l-(2,4-dichlorophenyl)-2-chloroethylene, established that the 

photoisomer photodecomposed about ten times more slowly than did DDE (half-life 

of about one month) indicating that it might accumulate under environmental 

conditions. Photolysis of this isomer yielded several products that resulted from loss 

of chlorine. From their mass spectra, the major products were identified as 3,6,10-

trichlorodibenzofulvene, l,l-bis-(4-chlorophenyl)-2-chloroethylene, and 3,6-

dichlorofluorenone (Figure IV.7). These products indicate that photolysis of the 

photoisomer of DDE cleaves the ortho carbon-chlorine bond and the resulting free 
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p,p -Dichlorobenzophenone 

DDE 1,1 -Bis-(4-ch]orophenyl)-2-chloroethy lene 

Mixtute ofcis and trans isomers 

Figure rV.5 Photolysis products of DDE. 

radical either cyclizes to form the dibenzofulvene or abstracts hydrogen from the 

solvent to give l,l-bis-(4-chlorophenyl)-2-chloroethylene. The fluorenone probably 

results from photooxidation of the dibenzofulvene. 

Even though DDE is photodegraded, it is persistent in the environment due to 

its hydrophobic nature. DDE is very water insoluble; at 25°C the solubility in water 

is 1.3 fig/L. Extremely hydrophobic compounds have a great tendency to sorb onto 

bottom and suspended sediments or the biota. A large part is in the bottom sediment 
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Figure rv.6 Mechanism for the photolysis of DDE in solution, 

where no light is present. Thus, in most inland water bodies, only a small fraction of 

the total DDE is in the water column, free to photoreact. 

IV.2.2 Experimental 

Standard solutions of p,p '-DDE were prepared by dissolving the solid, 1,1 -dichloro-

2,2-bis(4-chlorophenyl)ethene (99%, Aldrich, Milwaukee, WI) in a methanol-water 

mixture to which a minimum amount of acetone was added to keep the DDE in 

solution. Palladized iron was prepared with lO^m iron particles (99.9+%, Aldrich. 
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l-(4-Chlorophenyl)-l-(2,4-<lichlort)phenyl)-2-chloroethylene 

H a 

l,l-Bis-{4-chlorophenyl)-2-chloroethylene 

3,6-DichlorofIuorenone 

Figure rv.7 Photolysis of the photoisomer of DDE. 

Milwaukee, WI) in a 20 mL vial, as described in section II.2.1. A solution of 

K2PdCl6 (10 mg in 25 mL deionized water) which was previously sonicated with a 

Branson 5210 sonicator for several seconds to make sure that the solid KjPdClg was 

completely dissolved, was added to 4 g of the iron particles. The resulting Pd 

coverage was approximately 0.06% w/w. A standard solution of p.p'-DDE (10 mL) 

was then added to the iron particles and the mixture of palladized iron and solution 

was mixed on a wrist-action shaker. After every 15 minutes, an injection of 1.8 [xL 

a CI 

3,6, lO-Trichlorodibenzofiilvene 
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of the solution was injected into a DB-XLB column in a Hewlett-Packard 5890A gas 

chromatograph equipped with an electron capture detector. The temperature program 

was the following: the oven temperature was maintained at 210°C for 1 minute, 

ramped to 290°C at 10°C per minute and held at this temperature for 6 minutes. The 

injection port temperature was 260°C and the detector temperature was 300°C. The 

total run time for each 1.8/iL sample was 15 minutes. Samples were also injected into 

a DBS column in a Hewlett-Packard 5890 quadrupole GC-MS to obtain total ion 

chromatograms and mass spectra. 

IV.3 Toxaphene 

Toxaphene (also called Camphechlor) is a complex mixture of at least 177 

polychlorinated derivatives, having an average elemental composition of CioHiflClg 

(Casida et al., 1974). Toxaphene was first introduced in 1947 by the Hercules 

Chemical Company (Rapaport and Eisenreich, 1988). The commercial name, 

Toxaphene, originally was a registered trademark of the manufacturer; however, the 

mixture has been dedicated to public use and Toxaphene is the accepted common 

name in the United States (Hayes and Laws, 1991). Toxaphene is synthesized by 

controlled chlorination of camphene (an isomerization product of a-pinene, extracted 

from pine oils), resulting in a mixture containing 67-69% chlorine (Figure IV.8) (Muir 

and de Boer, 1995). 
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Figure IV.8 Synthesis of Toxaphene. 

A rearrangement during the synthesis leads mainly to polychlorinated bomanes, as 

well as to small amounts of unsaturated compounds such as bomenes. 

Toxaphene was one of the most heavily used insecticides in the United States 

until most uses were banned in 1982 by the U.S. Environmental Protection Agency 

(Hayes and Laws, 1991). It is a nonsystemic contact and stomach insecticide with 

some action against mites, very often used in combination with other insecticides such 

as DDT and methylparathion (World Health Organization, 1984; Prager, 1995). It was 

used primarily in the southern United States to control insect pests on cotton and other 

crops. It was also used to control insect pests on livestock and to kill unwanted fish 

species in lakes. Since 1982, Toxaphene is only allowed to be used on livestock and 

for emergency use in the United States. In contrast, it is still commonly used to 

control insects on banana and pineapple crops in Puerto Rico and the Virgin Islands. 
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Toxaphene is widely found in the environment, mainly as a result of past 

releases to air, water, and soil through its use as an insecticide. It is not rapidly 

broken down and will persist in air, soil, or water from weeks to years, depending on 

conditions that speed up its breakdown (sunlight, microorganisms). As an example 

of its slow degradation, chlorobomanes were isolated from recent and older sediments 

as well as from rainbow trout muscle in two prairie lakes that were treated with 

Toxaphene as a fish toxicant in the early 1960s (Miskimmin et ai, 1995). 

IV.3.1 Remediation Methods 

It has been demonstrated that Toxaphene persists for several decades in the 

environment and that its reductive dechlorination under anaerobic conditions is slow 

and incomplete (Miskimmin et ai, 1995; Fingerling et ai, 1996; Howdeshell and 

Hites, 1996). Numerous studies have been carried out on the degradation of 

Toxaphene in anaerobic soil (Parr and Smith, 1976; Lee et ai, 1977; Williams and 

Bidleman, 1978; Murthy et ai, 1984; Mirsatari, 1987) indicating that partial 

dechlorination of Toxaphene occurs under these conditions, with accumulation of 

lower chlorinated derivatives. 

Hydrodechlorination of Toxaphene was studied in ethanol-sodium hydroxide 

solution at 50 bar Hj, 130°C, using 61% Ni on Kieselguhr catalyst (LaPierre et ai, 

1979). After 19 hours of reaction, it was found that products with fewer number of 

chlorines accumulated, but complete dechlorination was not achieved. Structures of 

the hydrodechlorination products of Toxaphene were not reported, but a product 
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distribution based on the number of chlorine atoms per molecule indicated that the 

percentage of products containing 0, 1 and 4 chlorine atoms per molecule increased 

during the reaction period, while the percentage of compounds containing 2, 3, 5, 6, 

7 and 8 chlorine atoms per molecule decreased. The adsorbed configuration of a 

representative heptachlorobomane present in Toxaphene would suggest that geminal 

chlorines and those linked directly to the surface could be easily removed, but other 

aliphatic chlorines would be relatively inactive (Figure IV.9). 

Figure IV.9 Adsorbed configxiration of representative heptachlorobomane (* = point 
of contact with surface). 

Smith and Cooke (1980) investigated the heterogeneous hydrodechlorination of 

Toxaphene with palladium and platinum catalysts at 220°C. The authors concluded 

that both palladium and platinum catalysts were able to hydrodechlorinate Toxaphene 

to a significant extent, although not completely. They observed that skeletal 

degradation occurred under the experimental conditions before complete reduction was 

achieved. 

CI 

C 
CI 
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Dehydrochiorination of Toxaphene has been reported to occur after prolonged 

exposure to sunlight, releasing hydrochloric acid and various chlorinated products 

(Montgomery, 1993). 

In neutral aqueous medium, about half of the C-Cl bonds of Toxaphene were 

cleaved by Fe^"^ porphyrins, yielding derivatives of shorter retention times in gas 

chromatographic separations and of reduced sensitivity for detection by electron 

capture (Khalifa et al, 1976). The Toxaphene components of greatest concern are 

those most toxic to mammals and fish, such as toxicant A and toxicant B (Casida et 

al., 1974). The molecular formulas of these components are CioHigClg (Toxicant A) 

and CioH,,Cl7 (Toxicant B), and their structures are shown in Figure IV. 10. Toxicant 

A reacted with reduced hematin yielding two reductive dechlorination products 

(CioHjiCly), two dehydrochiorination products (CjoHqC^) and two products 

corresponding to a molecular formula of C|oH|oClg. Similarly, products formed from 

the reaction of Toxicant B with reduced hematin included two reductive dechlorination 

products (C,oH,2Clg), one dehydrochiorination product (CjoHioClg) and two other 

products having the molecular formula CjoHnCls. The studies with iron(II) 

protoporphyrin systems (reduced hematin) established that Toxaphene undergoes 

extensive, but only partial, dechlorination and that the products from toxicants A and 

B are formed by two or more of these processes; reductive dechlorination, 

dehydrochiorination, and vicinal chloride elimination. 
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Figure IV.IO Structures of toxicant A and B. 

Wade and Castro (1973) proposed a mechanism of reductive dehalogenation of 

alkyl halides by iron(II) porphyrins, shown in reactions (1) and (2). 

An alkyl halide-iron(II) porphyrin complex forms, followed by scission of the 

carbon-halogen bond generating the alkyl radical (1). Further reaction of the alkyl 

radical involves hydrogenolysis by a suitable proton source during the attack by a 

second iron(II) porphyrin (2). The iron(III) porphyrins in (1) and (2) are then reduced 

and the cycle continues, limited eventually by the available level of reductant. 

Geminal and vicinal halides are particularly reactive in this type of system. Thus, 

toxicants A and B and probably many other Toxaphene components contain 

substituents readily attacked by iron(II) protoporphyrins. Each Toxaphene component 

RCl + Fe" ^ [(RCl)Fe"] ^ R* + ClFe'" (1) 

R* + Fe" + H2O -> RH + Fe"' + OH" (2) 
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contains many possible sites for initial attack and further degradation. The pathway 

of breakdown should be primarily determined by the ease of C-Cl bond scission at 

each stage as well as stereochemical selectivity. Thus, the initial products are likely 

to be those of reductive dechlorination at geminal dichloro groups and of elimination 

of vicinal chlorines. 

It is clear from the results mentioned above that as of yet, there is not a single 

method that can completely dechlorinate Toxaphene. 

IV.3.2 Experimental 

Standard solutions of Toxaphene (Supelco, Bellefonte, PA) were prepared by diluting 

1 mL ampules containing 500 fig Toxaphene per mL with a methanol-water mixture 

containing at least 50% v/v methanol (Mallinckrodt, Paris, KY). Palladized iron was 

prepared with 10 [im particles as described in section II.2.1 and IV.2.2. The 

experimental procedure was the same as that described in section IV.2.2. 

IV.3.3 Extraction of Toxaphene from Contaminated Soil 

Samples of uncontaminated (clean) soil and soil that was reported to be contaminated 

with several hundred ppm of Toxaphene and p,p'-DDE were provided from a site in 

Arizona by Dames and Moore Inc., Phoenix, AZ. The extraction procedure is a 

modified version of the one described by Schneider et al (1995) for the rapid 

extraction of chlorinated pesticides from soil. Extractions of representative samples 

of these soils were performed by placing approximately 1 g of soil in a 20 mL glass 

scintillation vial to which 10 mL of one of the following solutions was added: 1) 
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methanol; 2) ethanol; 3) 50% v/v methanol/water; 4) 50% v/v ethanol/water; 5) 0.4% 

v/v dodecylbenzene sodium sulfonate/water; 6) 0.4% v/v Triton X-405/water; and 7) 

0.4% v/v Tween 80/water. The contents of the vial were mixed with the aid of a 

wrist-action shaker for 30 minutes, after which the solvent was transferred to a test 

tube and centrifuged for several minutes. A 1 mL aliquot of the resulting solution was 

transferred to a glass vial for subsequent analysis by gas chromatography. The 

remaining solution was transferred to a 20 mL vial containing 4 g of palladized iron 

and the contents of the vial were mixed with the aid of a wrist-action shaker and the 

solution analyzed by gas chromatography every 15 minutes. If pure solvents were 

used, e.g. methanol or ethanol, the extract was diluted by half with water before being 

added to the vial containing the palladized iron, since water is essential for the 

dechlorination reaction. 

IV.3.4 Extraction of Toxaphene from Contaminated Soil by EPA Method 3550A 

The following experiments were performed for the purposes of comparison of the 

efficiencies of extraction of Toxaphene from soil with 1) 50% v/v ethanol/water after 

mixing with a wrist-action shaker, and 2) dichloromethane with ultrasonic mixing as 

recommended in EPA method 3550A. A sample of the contaminated soil was ground 

to a fine powdery solid with a mortar and pestle, and 1 g of the soil was weighed into 

each of two 20 mL glass vials. For the shaker extraction, 10 mL of 50% v/v 

ethanol/water was added to the soil and mixed in the shaker for 30 minutes. The 

solvent was transferred to a test tube, centrifuged for a few minutes and stored in a 
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clean glass vial for subsequent analysis by gas chromatography. The extraction step 

was repeated twice with the same soil sample, for a total of 3 extractions. For the 

ultrasonic extraction (EPA method 3550A), 1 g of Na2S04 was added to the soil and 

mixed well. Dichloromethane (10 mL) was added to the soil and the mixture was 

sonicated for 2 minutes. After extraction, the resulting solution was centrifliged (not 

filtered as described in EPA method 3550A) and stored in a clean glass vial for gas 

chromatographic analysis. The dichloromethane extraction was repeated twice with 

the same soil sample, for a total of 3 extractions. 0.5 mL of a 2 ppm internal standard 

solution, containing decachlorobiphenyl and tetrachloro-/w-xylene, was added to 5 mL 

portions of each of the extracts, resulting in a 0.20 ppm solution of the internal 

standard in each of the extracts. The internal standard was added to calculate the 

extraction efficiency of the two methods. Even though the internal standard contains 

two compounds, tetrachloro-/n-xylene elutes with the solvent peak and therefore does 

not interfere with the Toxaphene peaks. Decachlorobiphenyl, which elutes after 

Toxaphene, was used in the calculations of extraction efficiency. 

rv.4 Results and Discussion 

IV.4.1 Dechlorination ofp,p'-DDE 

Figure IV. 11 shows the gas chromatograms of a 60 ppm solution of p,p '-DDE before 

and after treatment with palladized iron. It can be seen that the 10 mL of the DDE 
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solution in 50% v/v methanol/water with acetone mixture was rapidly and almost 

completely dechlorinated after reaction for 15 minutes with 4 g of palladized iron. 

The total ion chromatograms of the DDE solution before and after Pd/Fe 

treatment are shown in Figure IV. 12. The chromatograms show that the starting 

material (DDE) and the reaction product are two distinct compounds, since the 

retention times are quite different. The sample was found to be contaminated with a 

phthalate ester of unknown origin, but this did not interfere with the results in any 

way. The mass spectra of the starting material {p,p -DDE) and the reaction product 

are shown in Figure IV. 13. The starting material is clearly identified as p,p'-DDE by 

its fragmentation pattern, and the reaction product is identified as 1,1-diphenylethane. 

Figure IV. 14 represents the reaction of DDE with palladized iron. Not only is 

the molecule completely rid of all the chlorine atoms, but the double bond is saturated 

to give 1,1-diphenylethane as the product. 

a 
\ / 

CI H 

a- Pd/Fe 

AP'-DDE 1,1 -Dipheny lethane 

Figure rV.14 Reaction of p,p '-DDE with palladized iron. 
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Figure IV.ll Gas chromatograms of a 60 ppm p,p'-DDE solution (a) before and (b) 
after treatment with Pd/Fe (15 minutes). 
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Figure rV.12 Total ion chromatograms of a p,p '-DDE solution (a) before and (b) 
after treatment with Pd/Fe. 
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Figure FV.IS Mass spectra of a p,p'-DDE solution (a) before and (b) after treatment 
with Pd/Fe. 
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rv.4.2 Dechlorination ofToxaphene 

A 40 ppm standard solution of Toxaphene was treated with palladized iron and the 

resulting chromatograms are shown in Figure IV. 15. It can be observed that after only 

15 minutes of reaction with palladized iron, the Toxaphene solution was almost 

completely dechlorinated, as evidenced by the significant decrease in the intensity of 

the peaks. The integrated peak areas of the residual peaks indicated that trace 

quantities of the Toxaphene mixture remained unreacted. Although attempts to 

identify the dechlorination product ofToxaphene were unsuccessful, it is believed that 

the product is the completely dechlorinated bomane (Figure IV. 16), since no peaks 

corresponding to chlorinated compounds were present in the gas chromatogram. 

CHa 

Pd/Fe ^ 

Toxaphene or Camphechlor Bomane or Camphane 

Figure rV.16 Proposed reaction of Toxaphene with palladized iron. 

rv.4.3 Comparison of Extraction Methods 

Clean and contaminated soil were extracted with methanol, and the resulting 

chromatograms are shown in Figtire IV. 17. The difference between the two 
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Figure rv.15 Gas chromatograms of 40 ppm Toxaphene solution, (a) Standard 
Toxaphene solution before mixing with palladized iron, (b) Toxaphene solution after 
mixing with Pd/Fe for 15 minutes. 
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chromatograms is obvious evidence that the clean soil does not contain any 

halogenated compounds, whereas the contaminated soil contains a great number of 

halogenated compounds, assumed to be mainly Toxaphene. 

Extraction of the contaminated soil was first done with 100% methanol and 

100% ethanol, and the chromatograms of the methanol extracts are shown in 

Figure IV. 18. Three extractions were performed for each solvent, since it was found 

to be necessary to extract the soil more than once to separate the Toxaphene from the 

soil particles. Methanol and ethanol proved to be equally effective in extracting 

Toxaphene from soil. 

Since water is essential in the dechlorination reaction, 50% v/v methanol/water 

and 50% v/v ethanol/water solutions were tested as possible extractants. The results 

obtained were very similar to those of 100% methanol and 100% ethanol. 50% v/v 

ethanol/water was selected as the organic solvent to be used in future extractions, 

chosen for its lower cost (compared to methanol) and for the water content. 

Three aqueous surfactants were also used to extract the Toxaphene from the soil. 

Dodecylbenzene sodium sulfonate was found to be ineffective in extracting Toxaphene 

from soil (Figure IV. 19), as can be concluded from the low intensities of the peaks 

in the first extract. This surfactant was discarded as a possible extractant. 

The second surfactant that was used was an aqueous solution of Triton X-405 

(0.4% v/v surfactant/water). The chromatograms of the extracts are shown in 

Figure IV.20. Triton X-405 proved to be more effective in extracting Toxaphene from 
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Figure IV.17 Gas chromatograms of soil extracts, (a) Methanol extract of clean soil, 
(b) Methanol extract of contaminated soil. 
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Figure IV. 18 Gas chromatograms of the methanol extracts of the contaminated soil, 
(a) First methanol extract, (b) Second methanol extract, (c) Third methanol extract. 
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Figure rV.19 Gas chromatogram of the first extract of the contaminated soil with 
aqueous dodecylbenzene sodium sulfonate (0.4% v/v surfactant/water). 
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soil than dodecylbenzene sodium sulfonate. Nevertheless, the intensities of the peaks 

are not as high as in the methanol extracts. 

The last surfactant tested was Tween 80. Results of the extraction of the 

contaminated soil with Tween 80 are shown in Figure IV.21. This surfactant was the 

most effective of the three tested in extracting Toxaphene from soil. However, after 

four extractions of the soil, significant peaks were still present in the chromatogram. 

This observation raised the question of whether Tween 80 was less effective than 

methanol in extracting Toxaphene, since more extractions were necessary, or whether 

the surfactant was actually more effective, and was therefore extracting more of the 

contaminants. To answer this question, an extraction with Tween 80 was performed 

with a sample of contaminated soil that had been previously extracted three times with 

ethanol. The resulting chromatogram is shown in Figure IV.22. The absence of peaks 

indicates that ethanol had extracted all of the contaminant, therefore Tween 80 was 

concluded to be somewhat less effective than ethanol in extracting Toxaphene since 

more extractions were necessary. 

The last extraction methods that were compared were the preferred 50% v/v 

ethanol/water shaker extraction and EPA method 3550A. The results of these 

extractions are shown in Figure IV.23 and Figure IV.24, respectively. It can be 

observed from the chromatograms that three extractions with 50% v/v ethanol/water 

are necessary in order to extract more than 90% of the Toxaphene present in the soil, 

while only two extractions with EPA method 3550A are necessary for the same 
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Figure IV.20 Gas chromatograms of Triton X-405 extracts of contaminated soil, (a) 
First Triton X-405 extract, (b) Second Triton X-405 extract. Solution contained 0.4% 
v/v Triton X-405/water. 
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Figure TV.21 Gas chromatograms of Tween 80 extractions of contaminated soil, (a) 
First Tween 80 extraction, (b) Second Tween 80 extraction, (c) Third Tween 80 
extraction. Solution was 0.4% v/v Tween 80/water. 
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Figure IV.22 Gas chromatogram of Tween 80 extraction of contaminated soil, that 
had been previously extracted three times with ethanol. Solution of Tween 80 
contained 0.4% v/v surfactant/water. 
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purpose. The disadvantage of using method 3550A is the extra preparation step 

required (mixing of the soil with sodium sulfate) and that the solvent is pure, i.e., 

there is no water. After extraction with dichloromethane, water must be added before 

the extract is mixed with the palladized iron. Overall, the extraction efficiencies of 

the two methods are comparable and 50% v/v ethanol/water is still the solvent of 

choice. 

IV.4.4 Dechlorination of Soil Extracts 

After the best solvent system was identified and chosen for the extraction of 

contaminated soil, the soil was extracted and the extract treated with palladized iron. 

Figure IV.25 shows the chromatograms of the soil extracted with 50% v/v 

ethanol/water before and after treatment with palladized iron. Figure lV.25a shows 

that the extraction was efficient, as indicated by the intensity of the peaks. 

Figure IV.25b shows the extract 15 minutes after mixing with palladized iron. 

Complete dechlorination occurred in just 15 minutes, as evidenced by the smooth 

baseline and the disappearance of the peaks. Figure IV.25c is the chromatogram of 

the extract after being in contact with palladized iron for 1 hour 15 minutes. The 

baseline is not smooth anymore, but it most probably carmot be attributed to 

incomplete dechlorination, since the 15 minute chromatogram was completely free of 

background noise. 

A different result was obtained when the Tween 80 extract of the contaminated 

soil was treated with palladized iron. In this case, dechlorination was extensive and 
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Figure rV.23 Gas chromatograms of 50% v/v ethanol/water extractions of 
contaminated soil, performed with a shaker, (a) First extraction, (b) Second extraction, 
(c) Third extraction. 
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Figure rv.24 Gas chromatograms of extractions of contaminated soil performed 
according to EPA method 3550A. (a) First extraction, (b) Second extraction, (c) Third 
extraction. 
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significant, but not complete (Figure IV.26). Figure IV.26a shows the chromatogram 

of the Tween 80 extract of the contaminated soil, with a great number of intense 

peaks. After 15 minutes of reaction with palladized u-on (Figure IV.26b), extensive 

dechlorination occurred, but some Toxaphene remained unreacted. Following this 

initial degradation, there is not much difference in the intensity of the peaks with 

longer reaction times (Figure IV.26c). 

IV.5 Summary of Results 

The Pd/Fe bimetallic system is effective in dechlorinating chlorinated pesticides that 

are resistant to degradation. p,p'-DDE was completely dechlorinated to 1,1-

diphenylethane for the first time. Complete dechlorination was achieved in a rapid 

and simple manner with palladized iron. No intermediates, i.e. partially dechlorinated 

compounds, were observed, in contrast with previously reported dechlorination 

methods. 

Standard solutions of Toxaphene (40 ppm) were completely dechlorinated in 

approximately 15 minutes with 4 g of Pd/Fe containing 0.05% Pd coverage. Although 

the identification of the dechlorination product was unsuccessful, it is reasonable to 

assume that bomane is the reaction product upon complete dechlorination. 

Toxaphene was efficiently extracted fi*om soil, and the best extractions were 

obtained with 50% v/v ethanol/water solutions. The extraction of Toxaphene from 

soil can also be achieved by employing aqueous surfactant solutions, and the best 
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Figure rV.25 Gas chromatograms of 50% v/v ethanol/water extracts of contaminated 
soil, (a) Extract of contaminated soil, (b) Extract mixed with Pd/Fe for 15 minutes, (c) 
Extract mixed with Pd/Fe for 1 hour 15 minutes. 
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Figure rV.26 Gas chromatograms of Tween 80 extracts of contaminated soil, (a) 
Extract of contaminated soil, (b) Extract mixed with Pd/Fe for 15 minutes, (c) Extract 
mixed with Pd/Fe for 30 minutes. 
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surfactant was found to be Tween 80. Soil extracts were dechlorinated when treated 

with palladized iron; the best results were obtained when the extraction was performed 

with 50% v/v ethanol/water. When Tween 80 was used for the extraction, 

dechlorination was extensive but the reaction ceased after 15 minutes. The reason for 

this observation is only speculative at this moment. The surfactant might be adsorbing 

on the Pd/Fe surface and blocking it for the Toxaphene, or the surfactant might be 

keeping the hydrophobic Toxaphene in solution, and preventing it from reaching the 

surface. A combination of these two phenomena might also be the cause for the 

incomplete dechlorination reaction. 
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CHAPTER V 

CONCLUSIONS AND FUTURE WORK 

V.l Conclusions 

Chlorinated aromatic compounds and organochlorine pesticides, known for their 

resistance to degradation, were completely dechlorinated for the first time with a 

simple new remediation technology. The palladized iron bimetallic system was found 

to be able to completely dechlorinate polychlorinated biphenyls (Arochlor 1254 and 

1260), pentachlorophenol and the lower chlorinated phenols, p.p'-DDE and 

Toxaphene. Removal of all chlorines was achieved, regardless of the positions of the 

chlorine substituents in the molecule. 

The dechlorination reaction occurs on the surface of the palladized iron. 

Solutions of the chlorinated compoimds must be aqueous, since water is necessary for 

the reaction to occur. Reactions are carried out at ambient temperature and pressure, 

and are complete in a matter of minutes. 

V.l Future Work 

V.2.1 Mechanism 

The mechanism of these reactions has not been elucidated. The compounds mentioned 

above contain more than one chlorine atom per molecule, while the reaction product 

contains no chlorine atoms. Experiments need to be performed to investigate which 
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chlorines are removed first, or if chlorine removal is a random process. Preliminary 

studies with pentachlorophenol suggested that dechlorination was stepwise, although 

no information was available as to the order of chlorine removal from the molecule. 

Dechlorination of these aromatic compounds and organochlorine pesticides 

occurs on the surface of the palladized iron, as was found with one- and two-carbon 

chlorinated compounds. The question still remains if both dechlorination process are 

the same, or if different mechanisms apply for small molecules and for aromatic 

molecules. 

V.2.2 Identification of Dechlorination Products 

Although dechlorination of Toxaphene was achieved by Pd/Fe, identification of the 

product was unsuccessful. Since Toxaphene is a complex, commercial mixture, 

produced by the chlorination of camphene, it might be possible to obtain different 

dechlorination products if camphene was not fully chlorinated. On the other hand, if 

camphene was completely chlorinated, then only one product, the saturated bomane, 

would be expected upon its dechlorination. Attempts to identify the dechlorination 

product or products of Toxaphene were unsuccessful. 

With regards to the reaction of phenol with palladized iron, more experiments 

need to be performed to confirm that phenol is reduced to cyclohexanol by Pd/Fe. 

Preliminary results indicate that this might be the case, and that the dechlorination of 

chlorinated phenols may result in the formation of phenol and small amounts of 

cyclohexanol. 
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V.2.3 Field Studies 

The palladized iron bimetallic system has been demonstrated to have the potential of 

a remediation technology, and field studies are necessary to prove that this system can 

be applied to contaminated sites. Scale-up studies are necessary to transfer this 

technology from the laboratory to the field. So far, only one method of depositing 

palladium on iron was investigated, and proved to be successful in batch studies. 

However, this method might not be practical when large quantities of iron are used, 

since constant stirring and efficient contact between the iron particles and the 

hexachloropalladate solution are necessary to insure that palladium is deposited 

uniformly on the iron surface. Other methods of depositing palladium on iron need 

to be investigated, and the optimum particle size of iron needs to be established. 

The approach used to treat soil contaminated with Toxaphene was to first extract 

the Toxaphene from the soil and then treat the extract with palladized iron. An 

alternative solution to the treatment of contaminated soil is to perform an in-situ 

dechlorination, i.e., mix the soil with an appropriate solvent and the palladized iron 

particles in the same reaction vessel. In this marmer, extraction of the Toxaphene 

from the soil and dechlorination would occur simultaneously. Experiments need to 

be performed to explore this method further. 

V.2.4 Synthetic Organic Reagent 

Palladized iron may also be used as a synthetic organic reagent. If the dechlorination 

is slowed down, by controlling the amount of Pd/Fe used in the reaction, reaction 
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intermediates are formed. This allows the control of the formation of compounds that 

are partially dechlorinated. An understanding of the mechanism of the reaction is 

essential to determine which intermediate compounds will be formed. 

V.2.5 Analytical Reagent 

Palladized iron may be used to make quanfitation of complex mixtures easier. For 

example, commercial mixtures of polychlorinated biphenyls contain many congeners, 

and the quantitation of such mixtures is difficult. If the mixture is treated with 

palladized iron prior to quantitation, only one product, biphenyl, is obtained and the 

quantitation of only one compound needs to be performed. 

V.2.6 Other Bimetallic Systems 

Preliminary results demonstrated that other bimetallic systems, for example, palladized 

aluminum, was able to dechlorinate chlorinated phenols, although not as efficiently as 

palladized iron. Other combinations of metals need to be studied, to compare their 

effectiveness in dechlorinating organochlorine compounds. 
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