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Preface 

This is one of several Oregon State University theses establishing the basis for the 

field testing of the down borehole permeable barrier reactor scheduled to be placed in the 

ground at a contaminated site in Eugene, Oregon sometime this year (1996). 

Chapter 1 is an introduction to the down borehole reactor. Chapter 2 provides an 

overview of pentachlorophenol's properties and various degradation processes. Chapter 

3 is written in manuscript form for submission for publication. It will be condensed 

before submission to a journal. The appendices document the relevant protocols and data 

collected during this study. 

Peter J. Kaslik 

March 1996 



Down-Borehole Permeable Barrier Reactor: Primary Substrate Selection for Aerobic 

Dichlorophenol Degradation 

Chapter 1
 

Introduction
 

There are many chemicals used in the United States which, when disposed of 

improperly or spilled, result in soil or ground water contamination. Cleanup of these 

contaminated sites is often difficult and expensive. One of the many compounds known to 

contaminate ground water is pentachlorophenol (PCP). 

Pentachlorophenol is one of 19 chlorinated phenols. It is used primarily as a wood 

preservative and a fungicide. Its presence in the environment is widespread with detection 

in rural mountain air, urban areas, ground water, surface water, fish and farm animals. Its 

use in many common products, including textiles, leather, paper products and wood 

products, assures exposure for many people (WHO 1987). 

Human health concerns vary with the level of exposure and the quality of the PCP. 

High dose exposure has proven fatal while lower doses cause a variety of problems. 

Whether the illnesses are caused by the PCP or by PCP's microcontaminants (such as the 

chlorinated dioxins and furan.$) has proven difficult to determine. These illnesses include 

chloracne, skin rashes, respiratory diseases, headaches, and nausea (WHO 1987). 

Treatment of PCP-contaminated ground water has been attempted using several 

methods, including pump and treat. An alternative, with the potential to be more cost 

effective, is in situ bioremediation. In 1995, a proposal was submitted to the EPA 

Western Region Hazardous Substance Research Center for the development of an 

interceptor trench to remediate a site in Eugene, Oregon (Woods and Williamson, 1995). 

This trench would be located down gradient from a PCP-contaminated plume. As the 

contaminated ground water flowed through the trench, the contaminants would be 

degraded. To test this technology, a down borehole permeable barrier reactor (Figure 
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1), was designed and constructed for insertion into a well at the contaminated site . It 

consists of an anaerobic zone followed by two aerobic zones. Each biological zone is 

preceded by a mixing zone to provide adequate mixing of the primary substrate, nutrients 

and the oxygen. The ground water will flow through the various zones. The goal is to 

completely mineralize the PCP. 

The reactor contains both anaerobic and aerobic biological zones because both 

types of organisms have been shown to be effective in various parts of the PCP 

degradation process. Anaerobic reductive dechlorination biotransforms PCP to 

dichlorophenols (DCP). The preferred pathways result in a production of 3,4-DCP and 

3,5-DCP (Nicholson, 1990). Aerobic organisms can successfully mineralize these 

compounds (Wang, 1991). 

Figure 1. Photograph of the down-borehole permeable barrier reactor. 
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Before the reactor can be used at the site, the selection of an acceptable primary 

substrate to support aerobic cometabolism of dichlorophenols is needed. An electron 

donor for the anaerobic organisms is also needed. Ideally, the same compound would 

work for both zones. The purpose of the research presented here is to solve this problem 

for the aerobic zones. Concurrent research by Jason Cole (199x) seeks a suitable electron 

donor for the anaerobic zone. Consequently, the objectives of this study are: 

To find an acceptable primary substrate for the aerobic degradation of 

pentachlorophenol's metabolites 3,4-dichlorophenol (DCP) and 3,5-dichlorophenol. 

To determine if 3,4,5-trichlorophenol (TCP) can be removed by aerobic 

organisms. 

Serum bottle assays were conducted to identify a suitable primary substrate. A 

variety of compounds were tested and compared to find one that can be used in the field. 

In many cases, degradation of PCP and other chlorophenols requires the use of an 

electron donor (anaerobic) and primary substrate (aerobic). Under aerobic conditions, 

researchers have treated PCP as the sole carbon source (Schenk et al., 1989; Saber and 

Crawford, 1985). Other researchers have used phenol (HAggblom et al., 1989b), acetate 

(Wang, 1991), glucose (Ilin et al. 1989), and glutamate (Steiert and Crawford, 1986) as 

primary substrates. Electron donors used for anaerobic degradation of chlorophenols 

include phenol (Ellis, 1996), acetate (Cole, 1993; Ellis, 1996; Perkins et al, 1994), 

hydrogen, and fructose (Perkins et al, 1994). Ellis (1996) compared phenol and acetate 

and found that phenol proved the better electron donor. The problem with using phenol, 

however, is receiving permission to introduce it into the ground water when the reactor is 

used in the field. The Department of Environmental Quality (1991) has established rules 

for the introduction of contaminants into the ground water. They limit concentrations of 

contaminants for both new and existing facilities at a level not to exceed background 

water quality levels. While phenol is only a class D carcinogen, meaning there is no 

evidence of it causing cancer in animals or humans, and there are no EPA drinking water 

standards for it, there are some health advisory limits established by the EPA (1994b). 

Phenol is also a hazardous air pollutant as designated under the 1991 Clear Air Act 

Amendment (LaGrega, 1994). Thus, there is a need for a primary substrate that would 
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not be environmentally harmful if it were not fully consumed by the microorganisms in the 

reactor. Human food, available at a grocery store, should meet this criteria. Ideally, the 

item would be classified by the Food and Drug Administration as GRAS (generally 

recognized as safe) and would be acceptable to regulatory agencies, the site owner and the 

community. Therefore, the objective of this research was to find and test a primary 

substrate that could function as well as phenol or acetate for the aerobic degradation of 

3,4- and 3,5-dichlorophenol and would be acceptable to put into the ground water. 

Biological treatment of contaminated sites can be done either anaerobically or 

aerobically. Complete mineralization is possible depending on the pathway (Haggblom 

and Valo, 1995 , Saber and Crawford, 1985). The EPA's Bioremediation in the Field 

Search System database (1994a) shows that of twenty-four PCP-contaminated superfund 

sites undergoing bioremediation, all are being done aerobically. Anaerobic reductive 

dechlorination is faster at degrading the more highly chlorinated phenols, however, while 

aerobic degradation and mineralization of dichlorophenols is faster (Wang, 1991; 

Nicholson, 1990). Thus, kinetics provide motivation for the use of both treatments in 

series, with the anaerobic processes preceding the aerobic processes. 

Nicholson et al. (1992) determined the pathway for PCP reductive dechlorination. 

The more prominent pathways ultimately lead to the production of 3,4- and 3,5

dichlorophenol (DCP) . Consequently, these two compounds were of primary concern in 

this study. Since the possibility existed that one of the pathways would result in the 

production of 3,4,5-TCP and there was a chance of it being carried into the aerobic zone, 

aerobic degradation of this compound with the various primary substrates was also 

investigated. 
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Chapter 2
 

Literature Review
 

The reason for pentachlorophenol's existence 

Pentachlorophenol and its sodium salt (Na-PCP) are among the most versatile 

pesticides used in this country. PCP is considered a biocide in that it is lethal to both 

plants and animals and is used in a wide variety of applications. The primary use is as a 

wood preservative but other uses include algae and fungi control in cooling towers at 

electric plants, a preservative used in construction materials (asbestos, shingles, roof tiles, 

brick and concrete blocks, insulation and wallboard), leather, paint and pulp and paper 

products. The petroleum industry uses Na-PCP as a bactericide and the Food and Drug 

Administration has permitted its use in a variety of applications which may come in 

contact with foods. It is used by the textile industry to preserve twine, burlap, cable 

coverings and canvas and has been used to prevent termites in homes (Cirelli, 1978). PCP 

has also been used as a herbicide in pineapple, sugarcane, and rice fields (Jorens and 

Schepens, 1993). Over 80% of its use, however, is for wood preservation (Hoos, 1978). 

Over half of all utility poles and fence posts are treated with PCP. When treating wood, 

about 0.23 kg of PCP is used per cubic foot of wood. The carrier for the PCP is mineral 

spirits, No. 2 fuel oil, or kerosene. Ground water contamination is usually a mixture of 

the carrier liquid and the PCP (Cirelli 1978). 

Why is PCP a concern? 

Chemical toxicity can take many forms. While knowing whether a chemical is a 

carcinogen is of obvious interest, other toxic effects are also of concern. 

Pentachlorophenol is classified as a group 2B carcinogen meaning there is inadequate 
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evidence of it causing cancer in humans but sufficient evidence in experimental animals 

(Reigner et al., 1993; Jorens and Schepens, 1993). In a study extrapolating the risk of 

cancer from mice to humans, Reigner et al. (1993) determined that the highest "virtually 

safe" dose for a 70-kg body weight human is in the range of 0.25 to 1.00 gg per day. 

This range was found using three different methods for the extrapolation. At the same 

time, their research indicates that groups of subjects with no occupational involvement 

with PCP have a net daily intake of 20 gg in the United States and 25 gg in Canada. 

Residents of homes made of PCP-treated logs had a net intake of 140 gg per day (Reigner 

et al., 1993). These figures, all of which are much greater than the limit for what is 

considered safe, predict an increase in people's risk for cancer. 

Toxicity can occur in other ways as well. PCP has been found in virtually every 

part of the human body in non-occupationally exposed persons as shown in Table 1. 

Postmortem investigations of PCP fatalities have found detectable levels in the kidney, 

liver, stomach, heart, lungs and connective tissue. Urine levels of lethally exposed 

individuals have been reported in the 28,000-96,000 gg/L range (Jorens and Schepens, 

1993). 

Table 1. Concentrations of PCP found in various parts of the human body of non-
occupationally exposed people (Jorens and Schepens,1993). 

Serum 2-300 gg/L 

Urine 1-1840 gg/L 

Fat 0-570 gg/kg (in Japan) 

Human Milk 0.03 - 2.8 gg/kg whole milk 

Cerebrospinal fluid 0.24 - 2.03 gg/L 

Whether toxicity is actually caused by pentachlorophenol is unknown. Some of 

the damage may be caused by its metabolites, including tetrachloro- 1,4 - hydroquinone, a 
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known mutagen. It is also possible that the damage is caused by the combination of PCP 

and its metabolites (Jorens and Schepens, 1993; Reigner et al., 1993). Other contributing 

factors include the contaminants of the PCP. Among these are chlorinated dioxins and 

furans (Jorens and Schepens,1993; Colosio et al., 1993). 

With PCP being found in so many parts of the body, it is not surprising that it, or 

its contaminants, can cause so many toxicological responses. Skin disorders include 

chloracne among other diseases. Metabolic problems include high fevers (up to 42°C), 

profound thirst, and increased basal metabolic rate. Dusts and sprays of PCP can cause 

respiratory problems, chronic sinusitis, and irritation of the eyes and upper respiratory 

tract. PCP is a potential neurotoxic drug causing symptoms which include dizziness, 

headache, personality changes, spasms, convulsions, anxiety and coma (Jorens and 

Schepens, 1993). 

PCP toxicity is caused by the uncoupling of the oxidative phosphorylation 

mechanism (Jorens and Schepens, 1993; Colosio et al., 1993). Oxidative phosphorylation 

is the synthesis of high-energy phosphate bonds in ATP (adensoine tri-phosphate) through 

the use of energy released during electron transport in the cells (Brock and Madigan, 

1988). PCP also inhibits mitochondrial and myosin adenosine triphosphatase, glycolytic 

phosphorylation, inactivates respiratory enzymes, and causes gross damage to 

mitochondria. An increase in metabolic heat, which is a direct result of the uncouplers 

speeding the rate of electron transport, results in a fever (Jorens and Schepens, 1993). 

According to the Registry of Toxic Effects of Chemical Substances (USDHEW, 

1978) the lowest dose which has resulted in carcinogenic, neoplastigenic (tumor 

formation), teratogenic (abnormal fetal development) or mutagenic (genetic changes) 

effects in humans (TDLo) is 196 mg/kg. The lowest dose which has resulted in death and 

which entered the body by any means other than inhalation (lethal dose low) is 29 mg/kg 

(USDHEW, 1978). While these figures appear to be contradictory, the lower figure is an 

indication that PCP can be fatal in ways other than those listed above. 
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How do humans come in contact with PCP? 

How do people, who do not work with PCP, come in contact with it? PCP can be 

absorbed through the skin, ingested with food or water, or inhaled. Skin contact with 

bactericidal soaps or household goods including wooden goods, leather, paper and textiles 

can all result in absorption. People living in log homes treated with PCP are subjected to 

high amounts of the compound both through touch and via the air. The biggest source of 

human exposure to PCP is their food, however. About 99.8% of exposure of people not 

working with PCP directly comes from food, including fruits, vegetables, grains, and fish. 

Average daily intake of PCP has been estimated at 16 - 19 pg/day (Jorens and Schepens, 

1993). 

What are PCP's physical properties? 

At standard conditions, pentachlorophenol is a buff colored crystal (Cirelli, 1978). 

Structurally, PCP consists of a benzene ring with one hydroxyl group and five chlorines 

attached. It is not very soluble in water at low pH but if it is ionized, which occurs at 

higher pH or with the use of Na-PCP, it can be one to two orders of magnitude more 

soluble (WHO, 1987). At 25°C, it has an aqueous solubility of 18.4 g/m3. It has a pKa 

value of 4.74 which means that below that pH it is predominately in the form of 

pentachlorophenol or C6HC15O, but above that pH, it dissociates to take the form of 

C6C150' (Ma et al., 1993; Westall et al., 1985; WHO, 1987). The log of its octanol

water partition coefficient (log lc.), which is the concentration in octanol divided by the 

concentration in water, is 5.01 indicating its preference for octanol and other organic 

phases (Westall et al., 1985). 

Selected physical properties of most of the congeners are listed in Table 2. Certain 

trends can be seen from the comparison of the chlorophenols. Solubility in water varies 

inversely with the number of chlorine ions attached to the phenol as does the plc. In 
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contrast, the Gibbs free energy of formation for chlorophenols in solution and the 

octanol/water partition coefficient decrease as the number of chlorines decrease ( Dolfing 

and Harrison, 1992). 

Table 2. Properties of chlorinated phenols. 

FW5 Solubility MP' PK. DG°f4'b log K.. 
g/mole g/m3 °C kj/mole 

PCP 266.34 18.4±1.2 174 4.741'2 -112.3 5.01 

2,3,4,5 TeCP 231.88 166±5.2 116 5.64 -110.0 
2,3,4,6 TeCP 231.88 70 5.22 -114.3 
2,3,5,6 TeCP 231.88 100±3.3 115 5.03 -112.7 
2,4,5,6 TeCP 231.88 1.00E33 4.103 

2,3,4 TCP 197.44 915±12.0 79-81 6.97 -87.9 
2,3,5 TCP 197.44 771±52 62 -97.2 
2,3,6 TCP 197.44 591±30 58 2.80 -97.2 
2,4,5 TCP 197.44 649±22 68-70 6.72 -97.2 3.723 
2,4,6 TCP 197.44 708±43 69.5 5.99' -104.6 3.38' 
3,4,5 TCP -86.8 

2,3 DCP 163.00 8215±318 58-60 7.71 -75.2 
2,4 DCP 163.00 5547±205 42-43 7.85' -84.4 2.75' 
2,6 DCP 163.00 2625±125 65-68 6.78 -82.6 
3,4 DCP 163.00 9256±260 66-68 8.62 -75.2 
3,5 DCP 163.00 7394±105 67-69 8.25 -86.3 

2-CP 128.56 23256±400 9 8.521'2 -56.8 2.17' 
3-CP 128.56 22190±487 33 8.79 -56.8 
4-CP 128.56 26390±410 43-44 9.37 -53.1 

Phenol 8.20E43 41 9.92 1.463 
1. Westall et al., 1985 a. melting point (°C) 
2. Ma et al., 1993 b. Chlorophenols in solution 
3. Lagrega et al., 1994 
4. Doffing and Harrison, 1992 
5. CRC, 1986 
All unreferenced data from Ma et al., 1993 
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Contamination around wood preserving sites 

Wood preserving facilities are one source of pentachlorophenol contamination. 

The waste around these facilities includes many other hazardous compounds, however. 

The most frequently found chlorophenols besides PCP are 2,3,4,6- tetrachiorophenol 

(TeCP), 2,4,6-TCP, 2,4,5-TCP, 2,3,4-TCP, 3,4-DCP, and 2,4-DCP (Perkins et al., 1994; 

Kitunen et al., 1987). Other organic contaminants include polychlorinated guaiacols, 

polychlorinated catechols, polychlorinated veratroles, trichloro - 4,5,6

trimethoxybenzene, polychlorinated phenoxyphenols, polychlorinated diphenyl ethers, 

polychlorinated dibenzofurans and polychlorinated dibenzodioxins (Neilson et al., 1990, 

Kitunen et al., 1987) (Figure 2). 

Among the chiorophenols, very little is known about 3,4,5-trichlorophenol. It is 

important, however, as Woods (1985) showed it is more toxic to cell cultures than the 

PCP. Concentrations as low as 3 mg/L were shown to inhibit methanogenesis. 

CI 

CI 

CI 

CI 

OH 

O 
OH 

O 
OCH3 

OOCH3 

CI 

Pentachlorophenol Catechol Guaiacol Anisole 

OCH3 

0 
OCH3 

Veratrole Dioxins Dibenzofuranes 

Figure 2. Structures of important pulp and paper effluent. 
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Biodegradation Pathways of Pentachlorophenol 

Researchers have discovered numerous ways in which chlorophenols can be 

biotransformed or biodegraded. Different pathways are followed by anaerobic and 

aerobic organisms. Differences exist within these classes of organisms as well. Two 

pathways for the aerobic degradation of PCP have been found and these differ from the 

pathways used to degrade the lesser chlorinated phenols. 

Biodegradation refers to complete mineralization of a compound, resulting in the 

production of CO2 and H2O under aerobic conditions and CH4 under anaerobic conditions. 

Biotransformation, on the other hand, refers to "processes in which only a few reactions 

result in comparatively minor structural modification to the original substrate" (Neilson et 

al., 1990). 

Biotransformation is not always desired. In the 0-methylation of 

pentachlorophenol, chloroanisoles are produced which are more lipophilic than the 

chlorophenols and thus have a greater tendency to bioaccumulate and to resist 

biodegradation. Chloroanisoles have been the cause of off-flavors in some foods and 

beverages (Haggblom and Valo, 1995 ). Alternate pathways would be preferred. 

To help understand and appreciate the differences between the various known 

pathways, three general situations will be discussed: 

aerobic degradation of PCP, TeCP, and TCP, 

aerobic degradation of DCP and monochlorophenols (MCP), and 

anaerobic degradation of polychlorinated phenols. 

Aerobic degradation of PCP, TeCP, and TCP 

A summary of aerobic chlorophenol research is shown in Table 3. In all studies 

involving the more highly chlorinated phenols, the initial step in their aerobic degradation 

is hydroxylation at the para position producing tetrachloro-p-hydroquinone (Suzuki, 1977; 
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Reiner et al., 1978; Steiert and Crawford, 1986; Apajalahti and Salkinoja-Salonen, 1987; 

Haggblom et a., 1988; Schenk et al., 1989). 

Table 3. Chronological summary of aerobic chlorophenol degradation research. 

Suzuki, 1977 Used labeled PCP and found soil microbes were able to mineralize it, 
producing labeled CO2. Intermediates included TeCH and 
tetrachlorocatechol. 

Reiner et al., 1978 Using bacterial species KC-3, PCP was shown to produce TeCH, 
tetrachlorobenzoquinone (TeCBQ) and dichlorohyciroquinone (DCH) 
as intermediate metabolites. 

Knackmuss and Monochlorophenols were degraded by Pseudomonas sp. resulting in 
Hellwig, 1978 3-Chlorocatechol (CC) and 4-CC. 4-CP served as carbon and energy 

source. 
Saber and Crawford, Flavobacterium sp. identified as capable of PCP degradation. 
1985 
Brown et al., 1986 Growth kinetics determined for Flavobacterium sp. fed PCP 

and cellobiose. 
Steiert and Crawford, PCP degradation with Flavobacterium sp. resulted in TeCH followed 
1986 by two successive reductive dechlorinations in the aerobic 

environment resulted in trichlorohydroquinone (TCH) and then 2,6
DCH. Initial dechlorination and hydroxylation of PCP was 
hydrolytic. 

Apajalahti and Rhodococcus sp. degraded PCP, TeCP and TCP resulting in TeCH 
Sallcinoja-Salonen, and TCH. Labeled Oxygen, (1602) , and oxygen labeled water 
1987 (112180 and H2160) were used to determine that hydroxylation in the 

para position on the ring was hydrolytic and not oxygenolytic. 
Haggblom et al., Strains of Rhodococcus sp. simultaneously degraded PCP and TeCP 
1988 to TeCH and transformed the chlorophenols through 0-methylation. 
Haggblom et al., A pathway for TeCH degradation was found. TeCH was 
1989a hydroxylated at the ortho position followed by 3 successive reductive 

dechlorinations resulting in 1,2,4-trihydroxylbenzene (THB). 
Ihn et al., 1989 3-CP and 4-CP were biotransformed into 4-catechol. 
Schenk et al., 1989 An enzyme from an Arthrobacter strain degraded PCP to TeCH. 

NADPH and oxygen were found to be essential. Similar results came 
from several tri- and tetra- chlorophenols but not 3,4,5-TCP or di-or 
mono-chlorophenols. 

Haggblom et al., Some, but not all chlorinated phenols converted to catechols: 3-, 4-CP 
198% converted to 4-CC; 2,3-DCP to 3,4-DCC; 3,4-DCP to 4,5-DCC; and 

2,3,4-,2,4,5- and 3,4,5-TCP slowly converted to TCC. 



13 

Table 3, continued. Chronological summary of aerobic chlorophenol degradation 
research. 

Schenk et al., 1990 Determination of oxygen source (02 or H2O) for the enzyme 
conversion of PCP to TeCH was inconclusive since the control 
showed hydroxyl groups on the TeCH exchanged with labeled OH in 
the water. 

Xun et al., 1992a Glutathione is identified for the first time as the reducing agent for 
the reductive dechlorination which occurs when TeCH goes to TCH 
and then to DCH. 

Xun et al., 1992b Using labeled oxygen (302 and H2180) it was demonstrated that the 
oxygen needed for hydroxylation (PCP to TeCH) was obtained from 
302 and not from H2180 in the sole presence of the PCP hydroxylase 
responsible for the hydroxylation. This enzyme is a monooxygenase 
and is named PCP 4 - monooxygenase. 

Uotila et al., 1992 Aerobic conversion of 2,3,5-TCP to 2,3,5-TCH was found to be 
oxygenolytic. 

Xun et al., 1992c TeCH reductive dehalogenase is identified as a glutathione S
transferases enzyme. 

Orser et al., 1993 The gene pcpC that encodes TeCH reductive dehalogenase 
(glutathione S-transferases) was cloned and characterized. 

The source of the oxygen for the para-hydroxylation has been the subject ofsome 

controversy. Early investigators (Steiert and Crawford, 1986; Apajalahti and Salkinoja-

Salonen, 1987) concluded that the reaction was hydrolytic, that the oxygen was from the 

water. Schenk et al., (1990) were inconclusive about the source of the oxygen. Later 

researchers (Xun et al., 1992b; Uotila et al., 1992) documented that the oxygen used for 

the hydroxylation was from molecular oxygen. 

From TeCH, biotransformation takes one of two routes. Higgblom et al. (1989a) 

show the TeCH was hydroxylated at the ortho position followed by three reductive 

dechlorinations resulting in 1,2,4 trihydroxybenzene (THB). Other researchers (Reiner et 

al., 1978; Steiert and Crawford, 1986;) found the TeCH was dechlorinated rather than 

hydroxylated. The dechlorination resulted in the metabolites trichlorohydroquinone 

(TCH) and 2,6-dichlorohydroquinone (DCH). Figure 3 shows both pathways. 

In the development of these pathways, identification of the reducing agent is 

important for explaining the reductive dechlorination which occurs. Xun et al., (1992a) 
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identified the reduced form of glutathione as the reducing agent. A TeCH reductive 

dehalogenase enzyme mediates the reaction (Xun et al.,(1992c). Glutathione is a 

tripeptide found in most living cells (Morrison and Boyd, 1983). 
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Figure 3: Aerobic PCP degradation pathways (compiled from Higgblom and Valo, 1995; 
Saber and Crawford, 1985; HAggblom et al., 1988). 

The next issue needing resolution concerns the fate of the trihydroxybenzene and 

2,6-dichlorohydroquinone. Only two papers (Saber and Crawford, 1985; Haggblom et al., 

1988) showed verification of complete mineralization with [ 14C]PCP producing "CO2. 

Neither, however, simultaneously documented the pathway leading to mineralization 

beyond TeCH. Some inferences can be drawn by comparing related works. In earlier 

research, Steiert and Crawford (1986) demonstrated Flavobacterium sp. degraded PCP 

via the TeCH - TCH- DCH pathway. The labeled study by Saber and Crawford (1985) 

used Flavobacterium sp. to show labeled carbon dioxide. Similarly, Haggblom et al., 

(1988) demonstrated mineralization by Rhodococcus sp. and then confirmed 

Rhodococcus sp. degraded PCP via the TeCH-THB pathway (Haggblom et al., 1989a). 
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The conclusion is that either pathway can lead to mineralization, depending on which 

bacteria is involved. 

Aerobic degradation of DCP and CP 

Monochlorophenols (CP) and dichlorophenols follow a different biotransformation 

pathway than the more highly chlorinated phenols. For the lesser chlorinated phenols, the 

ortho position is hydroxylated, producing a chlorocatechol (CC). 2-CP is biotransformed 

to produce 3-CC (Knackmuss and Hellwig, 1978) while 3- and 4- CP produce 4-CC 

(Knackmuss and Hellwig, 1978; Dm et al., 1989; Htiggblom et al., 1989b). For the 

dichlorophenols, 2,3-DCP produces 3,4-DCC and 3,4-DCP produces 4,5-DCC (Figure 4). 

Three trichlorophenols, 2,3,4-, 2,3,4-, and 3,4,5-TCP, were hydroxylated to 

trichlorocatechol but subsequently 0-methylated to chloroguaiacol and chloroveratrole 

(Htiggblom et al., 1989b). 

Figure 4. Aerobic Degradation of 3,4-dichlorophenol. 

Following the creation of the chlorocatechol, the aromatic ring is cleaved. This 

usually occurs via an ortho-cleavage pathway, although rare examples exist for a meta
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cleavage . In some cases the chlorines are removed prior to, or during ring cleavage, 

though in most cases they are removed after. Trichlorophenols have their chlorine 

substituents removed prior to cleavage (Higgblom et al., 1989b). 

Anaerobic degradation of polychlorinated phenols. 

Anaerobic degradation of pentachlorophenol is accomplished through reductive 

dechlorination. In reductive dechlorination, the chlorophenol accepts electrons; H2 is 

thought to be the electron donor. Hydrogen replaces chlorine on the ring. Both 

acclimated and unacclimated consortia are able to reductively dechlorinate PCP, though 

they do it by different pathways which do not necessarily lead to complete mineralization 

(Nicholson et al., 1992). Although there is substantial evidence that anaerobic reductive 

dechlorination can lead to complete mineralization (H8ggblom and Valo, 1995), the fact 

that it doesn't always reflects a weakness of anaerobic biotransformations for 

pentachlorophenol. That is, anaerobic reductive dechlorination works best on the more 

highly chlorinated phenols and not as well on the lesser chlorinated metabolites (Nicholson 

et al., 1992). This concurs with the findings of Vogel et al., (1987) for chlorinated 

aliphatic compounds. The more chlorinated compounds were degraded better by 

anaerobic reductive dechlorination than were the less chlorinated aliphatics. 

A comparison of research by Nicholson (1990) and Wang (1991) can be used to 

show relative rates of degradation of some of the chlorinated phenols. Similarities and 

differences in the experiments are shown in Table 4. Aerobic rates of removal are only 

available for dichlorophenols and trichlorophenols. Their removal rates relative to each 

other are dependent on the congener. Some dichlorophenols are removed faster than the 

trichlorophenols while others are removed more slowly (Wang, 1991). In research with 

anaerobic organisms, Nicholson (1990) found that the dichlorophenols have substantially 

slower removal rates than the more highly chlorinated congeners. In their experiments, 

3,4- and 3,5-dichlorophenol removal did not occur at a rapid enough rate to be measured. 
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Table 4. Comparison of experiments by Nicholson (1990) and Wang (1991). 

Anaerobic Aerobic 

Microorganisms Anaerobic Digester Anaerobic Digester 

Corvallis, OR Corvallis, OR 

Stored 9.5 L Continuous Flow 8 L Continuous Flow 

Mother Reactor Mother Reactor 

Retention Time 10 days 3.5 days 

Temperature 35°C 31 °C 

Nutrient Solution Yes 2 L/D 

Acetate 5300 mg/L 500 mg/L 

PCP 0.9 mg/L 1 mg/L 

Batch Experiments 2.5 L batch reactor 2.5 L batch reactor 

Initial Acetate 1500 mg/L 1000 mg/L 

Concentration 

pH 7.5 6.5 

Sampling Procedure 20 ml used - the rest of the 15 ml used - the rest of 

procedure was identical the procedure was 

identical 

Analytical Procedures Identical Identical 

Reference Nicholson, 1990 Wang, 1991 

Boyd and Shelton (1984) also found that these congeners were not removed within six 

weeks when placed in =acclimated anaerobic digester sludge but were degraded in 

anaerobic sludge acclimated to 3-chlorophenol. fvfikesell and Boyd (1985) found 3,5

dichlorophenol to be an end product for the reductive dechlorination of PCP. In later 

research, however, Mikesell and Boyd (1986) did find that acclimated anaerobic sludge 

was capable of 3,5-dichlorophenol degradation. 
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Sequential Anaerobic - Aerobic systems 

From the comparison of anaerobic and aerobic rates in Figure 5, it is logical to 

consider using both methods in series. Since the rate of anaerobic biotransformations of 
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Figure 5. Comparison of anaerobic and aerobic rates of removal (Nicholson, 1990 and 
Wang, 1991). 
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the dichlorophenols is so much slower than of the more highly chlorinated phenols, and 

since aerobes have been shown to effectively remove dichlorophenols, a combination of 

the two processes has the potential to degrade PCP most efficiently. Anaerobic 

reductive dechlorination can be used to most rapidly reduce pentachlorophenol to 

dichlorophenols, followed by use of aerobic microorganisms to mineralize the 

dichlorophenols. A literature search revealed few incidences of a sequential system for 

chlorophenols. Armenante et al. (1992) did a bench scale model using acclimated 

organisms to anaerobically degrade 2,4,6-trichlorophenol to 2,4-dichlorophenol and then 

to 4- chlorophenol. They then mineralized the 4-chlorophenol aerobically. 

Fahmy et al. (1994) compared removal of 2,4,6-trichlorophenol, 2,4

dichlorophenol and 4-chlorophenol in four different reactors. There was one single 

aerobic, one single anaerobic reactor and two reactors with sequential anaerobic and 

aerobic components, one of which had recycle. They found that complete removal of 

these three congeners occurred in all systems except the single anaerobic reactor which 

showed an accumulation of 4-chlorophenol. They could not, however, verify that the 

chlorophenols were mineralized as no mass balance was achieved. 

Summary 

Pentachiorophenol is a compound which is a health hazard to humans and other 

organisms. Its use has been widespread and many sites have been contaminated by it. 

Bioremediation is a viable means for cleaning the sites. While biological degradation of 

PCP can be done either anaerobically or aerobically, a sequential anaerobic-aerobic system 

holds the greatest promise since it takes advantage of the faster kinetics of each system. 
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Chapter 3
 

Comparison of Primary Substrates for the Aerobic Degradation of 3.4- and 3.5

Dichlorophenol.
 

Introduction 

Contaminated ground water can be difficult to remediate. One contaminant that 

has been the source of considerable research is pentachlorophenol (PCP). PCP is listed 

on the EPA's National Priority Pollutants list (LaGrega et al., 1994). 

In 1995, permission was received to remediate a PCP contaminated site near 

Eugene, Oregon. The objective was to take the knowledge gained through research and 

apply it in the field. The treatment of the ground water would be done in situ, using a 

permeable barrier technology. This technique employs a reactive zone located under 

ground, down gradient from the contamination source. As the ground water flows 

through the trench, contaminants are degraded by the bacteria in the reactor. 

To test this technology, a reactor was designed and built that could be lowered 

down a well. The reactor, called a down borehole permeable barrier reactor, contains 

biological treatment zones, mixing zones, a nutrient injection system, and monitoring ports 

(Brown, 1995). 

Both aerobic and anaerobic processes have been found with the capability of 

degrading PCP and its metabolites. Biological degradation of chlorophenols can be 

categorized in one of three ways: anaerobic reductive dechlorination, aerobic oxidation of 

the more highly chlorinated phenols, and oxidation of lesser chlorinated phenols. 

Pathways vary with each category. 

Anaerobic reductive dechlorination has been shown to be more effective at 

biotransforming the penta-, tetra-, and tri- chlorophenols than at degrading the 

dichlorophenols (Nicholson et al., 1992). Aerobic oxidation of pentachlorophenol follows 

a pathway that includes tetrachloro- p -hydroquinone (TeCH) and other metabolites prior 

to being mineralized (Suzuki, 1977; Reiner et al., 1978; Steiert and Crawford, 1986; 
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Apajalahti and Salkinoja-Salonen, 1987; Higgblom et al., 1988, Schenk et al., 1989). 

Aerobic oxidation of dichlorophenols results in chlorocatechols prior to mineralization 

(Knackmuss and Hellwig, 1978, Haggblom et al., 1989b). Steiert and Crawford (1985) 

found that more highly chlorinated phenols were degraded more slowly than lesser 

chlorinated phenols by natural aerobic microbial populations in river sediments. 

The down borehole reactor contains both anaerobic and aerobic biological zones. 

Since anaerobic reductive dechlorination is faster for the more highly chlorinated 

compounds than for the lesser chlorinated compounds and aerobic oxidation is faster for 

the lesser chlorinated compounds than for PCP, the reactor has an anaerobic zone 

preceding the aerobic zones. PCP can be biotransformed to a dichlorophenol in the 

anaerobic zone and then the dichlorophenol can be mineralized in the aerobic zones. 

Prior to the use of the reactor in the field, it is necessary to find a viable primary 

substrate. In the laboratory, a variety of primary substrates (aerobic) or electron donors 

(anaerobic) have been used. Some researchers (Schenk et al., 1989; S laber and Crawford, 

1985) have used PCP as the sole carbon source under aerobic conditions. Other 

researchers have provided a primary substrate to support cell growth. Some of the 

primary substrates used include phenol (Haggblom et al., 1989), acetate (Wang, 1991), 

glucose (Ihn et al. 1989) and glutamate (Steiert and Crawford, 1986). Phenol (Ellis, 

1996) and acetate (Cole,1993; Ellis, 1996; Perkins et al., 1994) as well as hydrogen and 

fructose (Perkins et al., 1994) have been used as electron donors for anaerobic 

degradation. In a comparison of acetate and phenol, Ellis (1996) found phenol to be more 

effective than acetate. 

Not only is it important to find a primary substrate that is very effective, but, since 

this is to be put into the ground water, it should also be non-toxic and acceptable to the 

community. Various electron donors have been used for bioremediation. Semprini 

(1995) reports the use of methane and phenol as electron donors at a California site 

contaminated with chlorinated aliphatic hydrocarbons (CAH). CAH contaminated sites 

have also been bioremediated with acetate (Long, 1995; Semprini et al., 1992) and with 

benzoate and sulfate (Beeman et al., 1994). 
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The use of phenol as a primary substrate presents some concerns. Phenol, while 

not considered a carcinogen, is on the EPA's Health Advisory list, thus making it a 

questionable substance to put into the ground water (EPA, 1994b). It is also a hazardous 

air pollutant (LeGrega, 1994). In contrast, acetic acid (vinegar) has been used as an 

electron donor for in situ bioremediation of carbon tetrachloride contaminated ground 

water (Long, 1995). Therefore, it is desirable to find a primary substrate which will be 

effective but will also meet government restrictions for introduction into the ground water. 

With this in mind, compounds which the Food and Drug Administration has labeled as 

GRAS (generally recognized as safe) and that are normal food substances for human 

consumption, such as vinegar, would make good candidates. Such substances should find 

greater acceptability with regulators, the site owners and the public, each of whom may be 

concerned with compounds added to the ground water. Consequently, the objective of this 

research was to identify a primary substrate that is effective for the aerobic removal of 3,4

and 3,5-dichlorophenols. 

To find a good primary substrate, serum bottle tests were performed. A variety of 

primary substrates were compared under similar conditions. Acceptable primary 

substrates were found by a search of edible substances. Compounds with a phenolic 

structure were desirable because our laboratory studies have shown phenol to be an 

effective electron donor. Vanilla extract was among several spices that contain large 

numbers of phenolic compounds. However, its expense limits its use in field applications. 

Imitation vanilla flavoring (vanilla), however, contains several phenolic compounds in a 

readily degradable solvent (propylene glycol/ water). A call to Burns Philip Food Inc. of 

San Francisco, CA showed that Durkee clear imitation vanilla is comprised of propylene 

glycol (7.8 g/L) , ethyl vanillin (1.2 g/L) , guaiacol (3.6 g,/L), and sodium benzoate (0.8 

g/L), a preservative. Three of these have phenolic structures (Fig 6). In addition, 

chlorinated and nonchlorinated vanillin and guaiacols are found in wastewater from pulp 

bleaching plants (Neilson et al., 1990) making them ideal compounds to test. 

In this study, vanilla and its components were tested in addition to phenol, acetic 

acid, and molasses. With the exception of phenol, all the compounds tested are listed by 

the FDA as GRAS (CFR, 1995). Thus, seven potential primary substrates along with 
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phenol and two controls were tested for their ability to support cometabolism of 3,4- and 

3,5-DCP, the expected metabolites from anaerobic reductive dechlorination. 

Components of Imitation Vanilla 

Other Primary Substrates 

Figure 6. Chemical structures of the components of imitation vanilla and other primary 
substrates. 

Methods and Materials 

To determine the relative effectiveness of the selected primary substrates, serum 

bottle tests were performed. All bottles were filled with the same volume of a cell solution 

and identical concentrations of the primary substrate in terms of chemical oxygen demand 

(COD). They were spiked with identical amounts of dichlorophenols from the same stock 

solution. Following the initial set of bottle tests, a second test was done with the addition 

of 3,4,5-TCP as well as 3,4- and 3,5- DCP. Whenever primary substrates were added to 

the bottles, the head space was purged with oxygen in stoichiometric excess. In all 
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bottles, pH was kept between 6.2 and 7.2 with the addition of sodium bicarbonate as 

necessary. 

Batch reactor components for bottle test 1 

One hundred twenty milliliter (120 ml) amber serum bottles with TFE/silicone 

septums were used as batch reactors. Two replicate bottles for each primary substrate 

were made. Each bottle contained a mixture of 30 ml of cell inoculum, 2 ml primary 

substrate, 1 ml chlorophenol solution and 27 ml of distilled water for a total of 60 ml 

solution. The head space in the bottle was purged with pure oxygen. 

The cell inoculum was composed of a consortium of unacclimated cells from the 

Corvallis Wastewater Reclamation Plant in Corvallis, Oregon. Equal masses (expressed as 

volatile suspended solids (VSS)) of return activated sludge from the bottom of the 

secondary clarifier and anaerobic digester supernatant were mixed. The resultant solution 

when diluted in the serum bottle to 60 ml, had a total suspended solids (TSS) 

concentration of 932 mg/L (± 66) and a VSS of 626 mg/L (±52) (APHA 1992, Methods 

2540B, 2540D, 2540E, appendix E). 

A solution yielding 2 mg/L (12 gmoles/L) of 3,4- dichlorophenol and 2 mg/L 3,5

DCP was added to each bottle. 

Equal amounts of primary substrate were added to each bottle based on its 

chemical oxygen demand (COD). Stock solutions of each primary substrate were made 

with a COD of 20 grams/L. A two ml aliquot of these solutions was added to the bottles, 

resulting in a COD of 666 mg/L. The mass of each primary substrate per 100 ml to make 

a standard concentration of 20 g/1 is shown in Table 5. Because of the length of the 

experiment, it was necessary to provide supplemental primary substrate. An additional 

666 mg/L of primary substrate as COD was added to each bottle after 148 hours and 479 

hours. The head space was purged with oxygen following each primary substrate 

addition. 
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Two different controls were made. One control, produced in triplicate, replaced 5 

ml of water in the bottle with 5 ml of a 1200 mg/L mercuric chloride (HgC12) solution 

resulting in a concentration in the bottle of 100 mg/L. Imitation vanilla flavoring was used 

as the primary substrate. The second control had the same quantity of cells, chlorophenols 

and water as the other bottles but did not contain a primary substrate. 

Table 5. Mass or volume used to make standard solutions of primary substrates. 

Compound FW (g/mol) Mass(g) in 100 ml 
guaiacol (C71-1802) 124.14 0.97 
sodium benzoate 144.11 1.20 
(NaC7H5O) 
phenol (C6H60) 94.0 0.84 
molasses' 2.63 
ethyl vanillin (C9111803) in 166.18 0.1818 
propylene glycol (C3H802)2 1.0124 

ml in 100 ml 
acetic acid (CH3COOH) 60.0 1.8 
imitation vanilla3 82.4 
propylene glycol (C311802) 76.10 1.1 

'Molasses had 15 g of carbohydrates per 21 g. It was assumed to be all glucose.
 
2 Ethyl vanillin is not sufficiently water soluble to produce a 20 g/L COD solution.
 

Therefore it was dissolved in propylene glycol.
 

3COD of vanilla - 24.2 g/L
 

The head space was purged with pure oxygen to keep the bottles aerobic. The 

bottles each contained about 666 mg/L of oxygen demand which is a net demand of 0.04 

grams of oxygen. The bottles were stored at a temperature of 22°C so that based on the 

ideal gas law, there was approximately 0.08 grams of oxygen in the head space, twice 
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what was needed. The bottles were shaken continuously on a shaker table and held at 

22°C. 

Method for bottle test 2 

Once most of the chlorophenols in the first bottle test were removed, four of the 

primary substrates with the fastest rate of chlorophenol removal were reinoculated with 

the same solution of 3,4- and 3,5-dichlorophenol to which had been added 3,4,5

trichlorophenol. The stock solution contained 95 mg/1 of the 3,4,5-TCP and a 300 ill 

inoculation resulted in an average concentration in the bottles of 0.39 mg/L of 3,4,5-TCP, 

0.50 mg/L of 3,4-DCP and 0.67 mg/L of 3,5-DCP (bottles now had a volume of about 66 

ml). The amount of 3,4,5-TCP was deliberately kept low because of its toxicity to 

microorganisms (Woods, 1985). At the same time, the primary substrates were reinjected 

to provide 666 mg/L COD. Bottles were recapped and the head space purged with 

oxygen. As this experiment was of shorter duration than the first bottle test, an additional 

666 mg/L of primary substrate as COD was added only once, at 76 hours. 

Two of the controls that were spiked with mercuric chloride in the first bottle test 

were autoclaved for the second bottle test. 

pH 

Throughout both bottle test 1 and 2, pH was monitored with pH paper and kept 

between 6.2 and 7.2 by the addition of an 80 g/L sodium bicarbonate (NaHCO3) solution 

as necessary. Usually 200 µl was added at a time, although the bottles containing acetic 

acid occasionally required more. 
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Chemical sources 

The vanilla used in the experiment was grocery store purchased Durkee Brand 

clear imitation vanilla flavoring (San Francisco, CA). The guaiacol, ethyl vanillin, and 

sodium benzoate were purchased from Aldrich Chemical Company, Milwaukee, WI and 

the propylene glycol was purchased from Sigma Chemical Company of St. Louis, MO. 

The phenol and glacial acetic acid were purchased from Mallinckrodt Specialty Chemicals 

of Paris, Ky. The molasses was also grocery store bought light mild flavor, all natural, 

Brer Rabbit, New Orleans Style made by Nabisco Foods, East Hanover, NJ. 

Both the 3,4-DCP and 3,5-DCP were purchased from the Aldrich company and 

were labeled as 99% pure. The 3,4,5-TCP was purchased from Ultra Scientific of N. 

Kingston, RI with a purity of 95% or greater. 

Analytical procedures 

Chlorophenols were analyzed using 100 gl samples from the serum bottles. 

Analysis was based on the method developed by Voss et al. (1981) and the National 

Council of the Paper Industry for Air and Stream Improvement (1981). The protocol was 

modified by Perkins (1992) and Smith (1993) and is shown in Appendix B. 500 gl of a 

solution containing 30.4 g!1 K2CO3 and 250 µg/12,4,6-tribromophenol, which is used as 

the internal standard, is put into a 10 ml culture tube. 100 gl of sample is added to this 

followed by 75 µl of acetic anhydride for acetylation. The culture tubes are capped with a 

Teflon coated cap and shaken for 20 minutes on a wrist shaker. Next, 1 ml of }TLC 

grade hexane is added to the culture tube and shaken for an additional 10 minutes. The 

hexane fraction is removed and placed in a 2 ml amber glass vial with a Viton® crimp cap. 

Samples were analyzed immediately or stored under refrigeration until they were analyzed 

by gas chromatography with an electron capture detector. 
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The gas chromatograph used for analysis was a Hewlett-Packard 5890A gas 

chromatograph equipped with an autosampler, coupled to a Hewlett-Packard 3392A 

integrator and containing a DB-5 fused- silica capillary column (30 m x 0.323 mm; J & W 

Scientific, Folsom, CA) coupled to a 63Ni electron capture detector (ECD). The carrier 

gas is helium at a pressure of 60 psi and the detector auxiliary gas is a 95/5 mixture of 

argon/methane at 40 psi. A 1 Al sample was injected at 250°C. The temperature program 

starts at 45°C for 2 minutes. It increases at a rate of 15°C/min to 100°C and then continues 

to increase at 5°C /min until it reaches 215°C. It is held constant at 215°C for 3 minutes 

before ending with a final ramp of 30°C/min to 245°C where it stays for 10 minutes (Cole, 

1993). 

Results of bottle tests 

Chlorophenol removal rates varied depending on the primary substrate and the 

congener being degraded. There was rapid removal of 3,4-DCP with phenol, guaiacol 

and sodium benzoate as the primary substrate (Figure 7). Removal occurred within 120 

hours (5 days); no chlorophenols were present when the second sampling was done. 

Phenol, guaiacol, and sodium benzoate produced results so nearly identical, their lines on 

the chart overlap. Vanilla and molasses were the next most effective. Complete removal 

with Durkee imitation vanilla did not occur until 650 hours (27 days). For molasses, 

complete removal occurred by 828 hours (35 days). The control, which did not contain 

any primary substrate, showed less than 20% removal of the 3,4-DCP over 828 hours. 

During that same time there was about 80% removal from the acetic acid bottles, less than 

60% removal from the propylene glycol bottles, and less than 35% from the ethyl vanillin 

in propylene glycol bottles. 

Figure 8 shows the results of 3,5-DCP removal. Phenol, after a slow start, was 

clearly the most effective primary substrate, with complete removal of 3,5-DCP occurring 

by 327 hours. Vanilla and guaiacol were the next most effective with removal by 828 

hours (35 days). Within the time frame for which testing was done, none of the other 
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primary substrates facilitated complete removal. Less than 25% of the 3,5-DCP was 

removed from the non-primary substrate control. 

When comparing the cumulative rates of removal for both 3,4-DCP and 3,5-DCP 

(Figure 9), phenol is superior with complete removal of both compounds occurring within 

327 hours. Vanilla and guaiacol are the next most efficient with complete removal within 

828 hours. These three are the best primary substrates of those tested. Sodium benzoate 

and molasses did reasonably well as primary substrates. While they did not completely 

remove both compounds, at the end of the testing, less than 10 percent remained. Acetic 

acid, propylene glycol and ethyl vanillin in propylene glycol were not effective as primary 

substrates. In particular, ethyl vanillin was the worst primary substrate tested, which is a 

surprise, considering its phenolic structure. 

While all results are based on the average of both bottles, imitation vanilla had a 

large discrepancy between bottles which was not seen in the others. Bottle D actually 

showed complete removal of both 3,4-DCP and 3,5-DCP by 325 hours. Bottle C did not 

have complete removal until 827 hours (Appendix G). 

During the second bottle test, four of the better primary substrates, phenol, 

vanilla, guaiacol and molasses were reinjected with a chlorophenol solution containing 

3,4- and 3,5- DCP and 3,4,5 TCP. The results were similar to the first bottle test for both 

dichlorophenols although the rate of removal increased (Figures 10 and 11). 

As expected, the removal of 3,4,5 TCP (Figure 12) was not as effective as the 

removal of the dichlorophenols. There was an initial removal of 20-60% of the TCP, even 

in the controls, but after the initial removal, the level stayed relatively constant for all 

primary substrates except phenol, which showed some continual removal. 

Phenol was the best primary substrate for removing all three chlorophenols during 

the second bottle test. It was followed by vanilla, molasses and guaiacol (Figure 13). It 

continued to be the best at removing both dichlorophenols (Figure 14). Vanilla was the 

next most effective. 

In several cases (Figures 8,10,11), removal of the chlorophenols with phenol as the 

primary substrate showed an initial lag followed by a rapid rate of removal. This occurred 

even after the cells were acclimated. 
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Figure 15 shows a comparison of removal in bottle tests 1 and 2 for the three best 

primary substrates. In all cases, removal was more rapid with the acclimated cells in bottle 

test 2 than it was when the cells were not acclimated in bottle test 1. Results of individual 

primary substrates can be found in Appendix G. 

Discussion 

The results shown here are relative removal rates comparing several primary 

substrates. Bottles were done in duplicate with good agreement between bottles. 

While phenol has been proven effective as a primary substrate in the field 

(Semprini, 1995), it was only used for comparison since the objective was to find a 

primary substrate that is a common human food and GRAS compound. In both bottle 

tests, phenol was clearly the most effective primary substrate. In the first bottle test, the 

chlorophenols were completely removed in the bottles with phenol more than twice as 

rapidly as with either vanilla or guaiacol, although only about 10 percent of the 

chlorophenols remained in each of those bottles at that time. One bottle of the vanilla had 

complete dichlorophenol removal before either phenol bottle, however. Removal of the 

last 10 percent in the vanilla and guaiacol bottles took more time than removal of the first 

90 percent. The curve reflects first order removal with respect to the dichlorophenol. In 

the second bottle test removal in the vanilla bottles followed the same pattern with 90 

percent being removed when all the dichlorophenols in the phenol bottle were gone. 

Some compounds, notably phenol, guaiacol and sodium benzoate, showed a 

preference for 3,4-DCP removal. Imitation vanilla, as well as some of the less effective 

primary substrates had nearly equal removal of both congeners. The lack of preference 

exhibited in the vanilla bottles should be advantageous for field use because the ratio of 

3,4-DCP to 3,5-DCP entering the aerobic zone of the reactor is unknown and perhaps 

somewhat variable. The possibility also exists for the pathway through 2,3,5,6-TeCP and 

2,3,5-TCP to produce 3,5-DCP for which vanilla proved the superior primary substrate. 
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The time reported for complete removal of the dichlorophenols for the different 

primary substrates is the maximum time it took. Sampling was done only once per week, 

therefore it is probable that removal occurred earlier. This problem is pertinent to 3,4

DCP removal in the guaiacol and phenol bottles. Both showed complete removal at the 

same time, but since the guaiacol bottles were showing more removal earlier, it is possible 

they had complete removal before the phenol bottles (Figures 7 and 10). 

The principal controls used in this study were the bottles without a primary 

substrate. The lack of significant dichlorophenol removal from these bottles underscores 

the importance of having an effective primary substrate. The lack of removal also 

indicates that chlorophenol removal in other bottles was from biological activity. 

A second control, done in triplicate during the first bottle test, involved the 

poisoning of the cells with mercuric chloride (HgC12). While one of the bottles showed no 

removal, the other two showed removal at a rate which was faster than acetic acid, 

propylene glycol and ethyl vanillin in propylene glycol. As these results were both 

inconsistent and suggested that the mercury chloride did not kill all the cells, the use of 

these bottles as a control was discontinued. When these same bottles were autoclaved 

before the second test, dichlorophenol removal was less than 20% . 

The use of 3,4,5-trichlorophenol in the second bottle test was an attempt to see if 

the trichlorophenol would be removed if it was not completely biotransformed to 3,4- or 

3,5- DCP in the anaerobic zone of the down borehole reactor. Indications are that it will 

not be removed by biotransformation since there was a leveling off of the removal curves. 

All bottles except the control had greater 3,4,5-TCP removal (over 45%) during the first 

19 hours than during the next 100 hours (less than 25). One possible explanation for the 

initial rapid removal of the 3,4,5 TCP is adsorption onto the biomass or onto the primary 

substrate. It is probable that it was not adsorbed onto the primary substrate since no 

further decline in the quantity of chlorophenols occurred following the addition of more 

primary substrate at the 76 hour mark. 
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Summary and Conclusions 

The design and implementation of new technology such as the down borehole 

permeable barrier reactor involves many steps. Starting with the identification of the 

problem and then gaining an understanding of the biochemistry for solving the problem, 

researchers must develop working solutions for field applications that may be different 

than laboratory solutions. In the laboratory, the use of phenol as a primary substrate for 

the aerobic degradation of 3,4- and 3,5-DCP is an acceptable choice but in the field, it is 

not. These two dichlorophenols are important for study because they are the expected 

products of anaerobic reductive dechlorination. In the down borehole reactor, an 

anaerobic zone will precede the aerobic zones. The anaerobic zone should reduce 

pentachlorophenol to the desired dichlorophenols. 

The objective of this research was to identify a primary substrate which was safe 

and efficient in supporting the cometabolism of 3,4- and 35-DCP degradation. Potential 

primary substrates were selected based on their chemical structure and lack of toxicity to 

humans or other organisms. Compounds with a phenolic structure were preferred for 

their similarity to phenol and chlorophenols. Several compounds were tested which were 

aliphatic, however. To find compounds that would not pose a threat to the environment 

should they somehow enter the ground water, it was decided to use compounds which 

could be purchased in a grocery store, were normally consumed by humans, and were 

classified as GRAS by the FDA. Imitation vanilla flavoring was selected as meeting these 

criteria. It is comprised of several aromatic (ethyl vanillin, guaiacol, sodium benzoate) as 

well as one aliphatic (propylene glycol) compound. The mixture of compounds in 

imitation vanilla flavoring was expected to be of benefit. The components were tested 

individually as well for comparison. Other primary substrates were tested too. Acetic 

acid (vinegar) and molasses are both normal foods which have been used for 

bioremediation. Phenol was used as it is an effective primary substrate for chlorophenol 

removal (Ellis, 1996). 

Two separate bottle tests were performed using various primary substrates to find 

if a viable alternative to phenol existed. The first set of tests measured the rates of 
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removal of 3,4- and 3,5-dichlorophenol as these are the expected products of the 

anaerobic biotransformation of pentachlorophenol. The second bottle test measured 

removal of 3,4- and 3,5-dichlorophenol and 3,4,5-trichlorophenol to whether 3,4,5

trichlorophenol could be degraded aerobically in the event it was not completely 

biotransformed in the anaerobic zone of the down borehole reactor. 

The results of both bottle tests showed that phenol was the most effective primary 

substrate of the eight which were tested. Imitation vanilla proved to be the next most 

effective for removing both compounds although some Wits components, in particular 

guaiacol and sodium benzoate, were much more effective at removing 3,4-DCP. In the 

initial bottle test, guaiacol was almost as effective as vanilla in removing both 

dichlorophenols while sodium benzoate and molasses performed nearly as well. Acetic 

acid, propylene glycol and ethyl vanillin proved comparatively ineffective. 

The second bottle test confirmed the results of the various primary substrates 

relative to each other, although rates were somewhat faster. The primary objective of the 

second test was to determine whether 3,4,5-TCP could be removed aerobically. After an 

initial removal, essentially no farther reduction occurred, except in the phenol bottles. The 

initial reduction was attributed to adsorption onto the biomass and not considered the 

result of biological activity, however, there is no proof of what actually happened. The 

results stress the importance of the biotransformation of 3,4,5-TCP in the anaerobic zone. 

Several conclusions can be drawn from these results. Recall that the original 

objective of the research was to find a safe alternative to phenol. The results of these 

experiments showed that phenol is an excellent primary substrate for aerobic removal of 

dichlorophenols. Because it is somewhat questionable for health reasons and is considered 

a pollutant in its own right, imitation vanilla or guaiacol would be a viable alternative. 

Both performed nearly the same. Vanilla had two advantages over guaiacol, however. 

First, it gave a more equal removal of the 3,4-DCP and the 3,5-DCP. This lack of 

preference should make for more equal removal of both compounds as they pass through 

the aerobic zone. Guaiacol's preference for 3,4-DCP may mean that the 3,5-DCP will not 

be completely mineralized if there is sufficient 3,4-DCP available for the cells. The second 

advantage of adding vanilla to the reactor is people's familiarity with it. This recognition 
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of vanilla, compared to guaiacol, which most people would not recognize, should make 

for less controversy for the remediation effort. 

The net result of this research is that vanilla is an acceptable primary substrate both 

for its efficiency and acceptability as a non-toxic substance. It will be the primary 

substrate used in the initial testing of the reactor. 

Recommendations for Future Research 

While conducting this research, two ideas arose which could form the basis of 

future research. 

A labeled PCP study should be done showing the sequential anaerobic-aerobic 

system results in mineralization. 

An actual comparison of anaerobic and aerobic pentachlorophenol removal rates 

under identical conditions (except for the presence of oxygen, of course) would formally 

validate the preference to use the sequential anaerobic-aerobic system. 
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Appendix A 

Experimental Protocol for Primary Substrate Study 

Objective: To determine the most effective primary substrate to use for the aerobic 

degradation of 3,4- and 3,5-DCP and 3,4,5-TCP. This protocol contains some steps used 

in a similar and concurrent anaerobic experiment being done by Jason Cole to find an 

electron donor for the reductive dechlorination of PCP. 

Analyses 

TSS/VSS Analysis (see Appendix E) 

Miniature Chlorophenol Assay (see Appendix B) 

Materials 

2 xl-Liter containers 

2 Liter beaker 

250 ml graduated cylinder 

1000 ml graduated cylinder 

45 x 120 ml amber serum bottles 

Teflon lined Butyl stoppers 

20 mm crimp seals 

Pure 02 cylinder with regulator 

Tubing with 22 gage needle attached 

22 gage needle 

Thermometer 

Compressed air 

Fritted tube dispersion stone 

Rubber stopper with hole for tubing 

Gas trap - rubber stopper with tubing to a flask of water 

250 ml Erlenmeyer flask with side port 
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250 ml Erlenmeyer flask 

Opaque plastic large enough to cover two flasks 

Mechanical shaker table 

9 x 100 ml volumetric flasks 

8 x 200 ml amber bottles 

Analytical Balance 

250 ml volumetric flask 

Disposable 3cc syringes with disposable needles 

21 x 18 gage disposable needles 

pH paper 0-14 range and 6-8 range 

Chemicals 

3,4-Dichlorophenol 

3,5-Dichlorophenol 

3,4, 5- Trichlorophenol 

Molasses 

Phenol 

Sodium benzoate 

Acetic Acid 

Guaiacol 

Propylene glycol 

Ethyl Vanillin 

Clear imitation vanilla extract 

Mercuric chloride 

Procedure 

1. Obtain 1 liter of return activated sludge from the bottom of the secondary clarifier and 

1 liter of supernatant from the anaerobic digester at the Corvallis Water Reclamation 

Plant. 

2. Test for volatile suspended solids (triplicates) 
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3. Based on VSS, mix activated sludge and anaerobic supernatant so there is 

approximately 50% of each by mass. 

4. Divide into two equal volumes. Put one volume into the 250 ml erlynmeyer flask with 

side port. Use rubber stopper and attach porous stone through the hole. Connect tubing 

to compressed air. Put porous stone in bottom of flask. Air will escape through side port. 

Put the other volume in the 250 ml Erlynmeyer flask and cap with gas trap (rubber stopper 

with tubing which vents into a beaker of water). Cover both to avoid growth of 

phototrophes. 

5. Store at room temperature, approximately 20°C. 

6. Acid wash serum bottles over night then triple rinse with tap water followed by three 

rinses with distilled water. 

7. In 100 ml volumetric flasks, prepare stock solutions with concentrations of 20 g/L 

COD of selected primary substrates in deionized water. Use amounts of primary substrate 

found in Table 4 of the text. 

8. In 250 ml volumetric flask, prepare a stock solution containing 120 mg/L of 3,4-DCP 

and 120 mg/L of 3,5-DCP in deionized water. 

9. In 100 ml volumetric flask, prepare stock solution of 1200 mg/L mercuric chloride. 

10. Label serum bottle with tape indicating the primary substrate in each. Bottles will be 

marked C or D for each primary substrate (anaerobic bottles are marked A or B). Tape an 

18 gage disposable needle in plastic protector to side of bottle. This needle will be used as 

a sleeve for inserting syringe needles when adding primary substrate or sampling. 

11. Into each bottle (2 bottles for each primary substrate) put: 

30 ml aerobic cell solution 

2 ml primary substrate yielding 666 mg/L as COD in the bottles 

1 ml chlorophenol solution yielding a12 11/%4 solution 

27 ml deionized water 

This totals 60 ml in each bottle. 

12. To make the controls, make two bottles as in step 10 but leave out the primary 

substrate. Substitute 2 ml of DI water for it. For the other controls, use imitation vanilla 
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as the primary substrate and 5 ml of the mercuric chloride solution instead of an equal 

amount of water. 

13. Take the initial (To) sample and analyze using the CP analysis (Appendix B). 

13. Cap and crimp the bottles. 

14. Connect the tubing with the 22 gage needle to an oxygen port. Pierce the butyl caps 

with the needle attached to the tubing and with a separate needle to allow gases to escape. 

Purge with 02. 

15. Store bottles on shaker table in 20°C room. 

16. For bottle test 2, use the remaining stock chlorophenol solution to make a 100 ml 

stock solution which includes 3,4,5-TCP. 
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Appendix B
 

Miniature Chlorophenols Assay Protocol
 

Objective: This protocol is used for analyzing chlorophenols on a gas chromatograph 

(GC). The method was originally developed by Voss et al. (1981), modified by Perkins 

(1992) and later miniaturized by Dr. Mark Smith (Smith, 1993). 

Materials: 

2 x 100 ill. syringe 

1 ml fixed volume pipette 

500 AL repeating pipette with disposable tips 

10 mL acid washed screw-top culture tubes with Teflon-lined caps 

Autosampler vials with Viton® closure 

Pasteur pipettes and bulb 

hand crimper 

Wrist action shaker 

Chlorophenol waste container 

Reagents: 

Acetic anhydride, reagent grade
 

Hexane, HPLC grade
 

Chlorophenol reagent:
 

30.4 g/L K2CO3
 

250 mg/L 2,4,6-tribromophenol (TBP)
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Procedure 

1. The 10 ml culture tubes should be prepared by soaking overnight in an ammonium 

persulfate and 50% v/v sulfuric acid bath. When removed, the tubes should be rinsed 

three times with tap water and three times with distilled water then allowed to fully dry. 

2. Prior to and between each sampling, syringes should be rinsed in a 3 beaker 

cascade of distilled water. 

3. Using a suitable felt tip pen, label each tube for its respective contents and place in 

a test tube rack. 

4. To each tube add: 

a. 500 !IL chlorophenol reagent 

b. 100 tiL sample 

c. 75 RL acetic anhydride 

5. Prepare one method blank containing only a and c in step 4. 

6. Shake (do not invert) 20 times then put on wrist-action shaker 20 minutes. 

7. Remove the tubes and uncap. A small release of gas is a normal occurrence so use 

caution. If no gas is emitted from the tube, it is probable that the acetic anhydride was not 

added to the culture tube. 

8. Add 1.0 mL hexane 

9. Shake on wrist-action shaker 10 minutes 

10. Label autosampler vials for each labeled culture tube. Simple identification on the 

vials can avoid major problems in data analysis. In addition, prepare one hexane blank 

sample for every six chlorophenol samples. 

9. With a new pasteur pipette, transfer hexane fraction to the appropriately labeled 

autosampler vials; seal with Viton® caps. 

10. Samples may be stored in the refrigerator or immediately loaded onto autosampler 

carrel for gas chromatographic analysis. Alternate 1 hexane with 6 samples starting with 

the hexane. 

11. GC analysis 

Temperature Program: 

Initial temperature 45°C for 2 minutes 
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Ramp 15°C/minute to 100°C
 

Ramp A 5°C/minute to 215°C hold for 3 minutes
 

Ramp B 30°C/minute to 245°C hold for 10 minutes
 

Operating the GC and integrator 

12.	 Check the following items on the GC before proceeding 

The helium and argon/methane gas cylinder contains at 

least 500 psi. 

The line pressure of the argon/methane gas is 40 psi. 

The line pressure of the helium carrier gas is 60 psi. 

The solvent bottles A and B on the autosampler should be filled to the line 

with HPLC grade hexane. 

The waste bottles A and B should be empty. 

13. On the integrator, workfile 2 is for chlorophenol analysis and is automatically loaded 

when the keystrokes [Workfile][2][enter] are typed. 

14. To change the default location of the first vial (3), type [option][11] then enter the 

appropriate information when requested. [Enter] leaves present information unchanged, 

[ESC] exits program with changes intact. 
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Appendix C 
Retention Times for Chlorophenols 

Table 6. Expected and relative retention times for chlorophenols. 

Congener Expected Retention Relative Retention 
Time (min.) Time (min.) 

2,6-DCP 18.39 0.6387 
2,5-DCP 18.92 0.6569 
2,4-DCP 18.94 0.6575 
3,5-DCP 19.28 0.6692 
2,3-DCP 19.82 0.6879 
3,4-DCP 20.48 0.7110 
2,4,6-TCP 21.55 0.7480 
2,3,6-TCP 22.70 0.7882 
2,3,5-TCP 22.91 0.7953 
2,4,5-TCP 23.06 0.8007 
2,3,4-TCP 24.23 0.8415 
3,4,5-TCP 24.59 0.8536 
2,3,5,6-TeCP 26.27 0.9121 
2,3,4,6-TeCP 26.36 0.9151 
2,3,4,5-TeCP 27.85 0.9670 
2,4,6-TBP 28.81 1.0000 
PCP 30.99 1.0758 
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Appendix D
 

Standard Curve Protocol
 

Objective: Develop a standard calibration curve specific to chlorophenols for gas 

chromatographic analysis. 

Materials 

See miniature chlorophenol assay protocol 

25 mL volumetric flask 

2 mL pipette 

Methanol 

1. Use standards A and B, A10 and BIO, and Al® and B100 created by Sheryl Stuart 

(See Table 7). "A100" is a 100th dilution of standard A. 

2. Use chlorophenol assay protocol Appendix B. 

3. Create standard A1250 and B1250 using 2 ml of A100 (or B100) in a 25 ml volumetric 

flask of methanol. "A1250" is a 1250th dilution of Standard A. 

4. Select quantities from each standard to provide a sufficient spread of data points to 

cover expected range of analysis (see Table 8). 
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Table 7. Chlorophenol Standard Solution*. 

Standard A (g/L) Standard B (g/L) 

Concentration Concentration 

2,3-DCP 0.2086 2,5-DCP 0.2034 

2,4-DCP 0.2088 2,6-DCP 0.2003 

3,5-DCP 0.2071 3,4-DCP 0.2073 

2,4,6-TCP 0.0568 2,3,4-TCP 0.0447 

3,4,5-TCP 0.0276 2,3,6-TCP 0.0563 

2,3,5,6-TeCP 0.0294 2,3,5- TCP 0.0550 

PCP 0.0201 2,4,5-TCP 0.0469 

2,3,4,6-TeCP 0.0310 

2,3,4,5-TeCP 0.0264 

* Standards in methanol prepared on September 22,1991 by Sheryl Stuart. 

5. During GC analysis, the integrator will print a graph, indicating peaks and the area 

under each curve. By plotting the molar concentration of the sample against the relative 

area under the curve, points for different concentrations can be plotted. The relative area 

is the area of the congener divided by the area of the internal standard. Once points have 

been plotted, a line of best fit can be made through the points. A linear regression should 

yield a correlation coefficient greater than 0.99. The y intercept may need to be force 

through zero. If the line tends to curve at higher concentrations, and those concentrations 

exceed the expected concentrations of the samples in the research, leave them out of the 

regression as an ECD only has a linear range of two to four orders of magnitude. 

6. The autosampler vials should be saved and stored in a refrigerated environment to 

prevent hexane evaporation. A standard should be run with unknown samples to ensure 

an accurate representative standard curve. 
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Table 8. Amount of each standard used and equivalent concentrations of 1000 of 3,4
DCP. 

Standard ill RM* mg/L* 

A1250 25 0.2544 0.0415 

A1250 100 1.0174 0.1658 

A100 10 1.2728 0.2073 

A100 25 3.1794 0.5183 

A100 50 6.3589 1.0365 

A100 100 12.7179 2.073 

A10 50 63.5890 10.365 

A 10 127.1779 20.73 

A 20 254.3558 41.46 

*Equivalent concentration of a 100gliter sample. A 1000 sample 

of this concentration provides the same number of moles as that provided by the 

standard solution. 
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Appendix E
 

TSS and VSS Analysis
 

Total suspended solids (TSS) and volatile suspended solids (VSS) were found for 

the return activated sludge and anaerobic digester supernatant from the Corvallis Waste 

Water Reclamation Plant. The cells in these solutions was used in the bottle test. 

Following analysis, cells were mixed such that there was 50% by VSS of each consortium. 

A second TSSNSS was done on an extra bottle from the bottle test to determine the 

concentration of cells in each bottle at the start of the experiment. Analysis followed 

protocols 2540 D and 2540 E listed in the Standard Methods book (APHA, 1992), with 

the exception that samples were dried overnight in a 110°C drying oven rather than for 

just an hour. Results found in file TSSVSS.XLS 

Table 9. TSSNSS on return activated sludge samples from the Waste Water Reclamation 
Plant. 

No. Volume Tare Tare+ TSS (gr) Tare VSS TSS VSS 

(Liter) (gr) Solid +NV (gr) (Ing/L) (1414 
1 0.010 1.1240 

2 0.005 1.1232 1.1358 0.0126 1.1247 0.0111 2520 2220 

3 0.005 1.1244 1.1388 0.0144 1.1256 0.0132 2880 2640 

4 0.005 1.1268 1.1414 0.0146 1.1283 0.0131 2920 2620 

Ave: 2773 2493 

St Dev 220 237 

% SD 8 10 
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Table 10. TSS/VSS on anaerobic digester supernatant samples from the Waste Water 
Reclamation Plant. 

No. Volume Tare Tare+ TSS (gr) Tare VSS TSS VSS 

(Liter) (gr) Solid	 +NV (gr) (mg/L) (ng/L) 

5 0.005 1.1301 

6 0.002 1.1264 1.1551 0.287 1.1367	 0.0184 14350 9200 

7 0.002 1.1250 1.1575 0.0325 1.1365	 0.0210 16250 10500 

A	 0.002 1.1276 1.1671 0.0395 1.1424 0.0247 19750 12350 

Ave: 16783 10683 

St Dev 2739 1583 

% SD 16 15 

Table 11. TSS/VSS on Bottle Test 1 Samples (Samples diluted 1:2). 

No. Volume Tare Tare+S TSS Tare+N VSS TSS VSS 

(Liter) (gr) olid (gr) V (gr) (Ing/L) (IngiL) 

6 0.010 1.1339 1.1388 0.0049 1.1357	 0.0031 490 310 

7 0.010 1.1318 1.1369 0.0051 1.1334	 0.0035 510 350 

8 0.010 1.1283 1.1328 0.0045 1.1298	 0.0030 450 300 

9 0.010 1.1322 1.1365 0.0043 1.1336	 0.0029 430 290 

10	 0.010 1.1301 1.1346 0.0045 1.1315 0.0031 450 310
 

Ave 466 313
 

St Dev 33 26
 

% S.D. 7 8
 

Since sample was diluted by 1/2 prior to analysis, the actual TSS and VSS is 932 and 616 

respectively. 
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Word version 6.0 documents: 
AB STRACT .DOC 
APPENDIX.DOC 
BIBLIOGR.DOC 
CHAPTER1.DOC 
CHAPTER2.DOC 
CHAPTER3.DOC 
TABLES .DOC 
TITLE.DOC 

Excel version 5.0 documents: 
CSBOTTLE.XLS 
CSTEST2.XLS 
BOTEST 1 .XLS 
STANDCRV.XLS 
MYPRECIS.XLS 
GCPRECIS.XLS 
BOTTCONC.XLS 
CODTOC.XLS 
TSSVSS.XLS 

Appendix F 

File Names 

Thesis abstract 
Thesis appendices 
Thesis Bibliography 
Thesis Chapter 1, Introduction 
Thesis Chapter 2, Literature Review 
Thesis Chapter 3, Research 
Thesis Charts for chapter 3 
Title page, acknowledgments 

Data from bottle test 1 
Data from bottle test 2 
Times of sampling - bottle test 1 
Standard Curve 
Test of my precision on CP Assay 
Test of GC's precision 
Components of bottles 
COD and TOC computations 
Total Solids and volatile solids 
analyses. 
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Appendix G
 
Laboratory Data
 

Validation of Durkee's Imitation Vanilla Recipe (File: CODTOC.XLS) 

Vanilla Recipe from Durkee 
3/100 lb guaiacol 
1/100 lb ethyl vanillin (3-ethoxy-4-hydroxybenzaldehyde 
6.5/100 lb propylene glycol 
7/1000 lb sodium benzoate 
in 1 gallon of water. 

Table 12. Theoretical calculation of COD and TOC for imitation vanilla. 
Con FW Molarity OD OD COD TOC 
gr/L g/mol mol/L mol/ g/mol g/L g/L 

mol
 
guaiacol (C71-1802) 3.6 124.0 0.029 8 256 7.42 2.44
 
ethyl vanillin (C9111003) 1.2 166.0 0.0072 10 320 2.31 0.78
 
propylene glycol 7.8 76.0 0.1025 4 128 13.12 3.69
 
(C3H8O2)
 
benzoate (C711502) 0.8 144.0 0.0058 7.5 240 1.40 0.49
 
Total: 24.25 7.40
 

Sample calculations with guaiacol:
 
Concentration: (0.0311)(453.594-)(0.264 = 3.6 f.
 

Oxygen Demand: [C71-1802 + 12H20 = 7CO2 + 3211+ + 32 el 
+ 4H+ + 4 e = 2H20] * 8 

C71-1802+ 802 = 4 H 2 0 + 7CO2 

Thus, 8 moles of 02 are needed per mole guaiacol. 
8 moles 02 (32 g 02/Mole 02) = 256 g 02 

COD: (3.61-9(41,4)(8 nc)(32 .#0) = 7.42 

TOC: (3.6 t)(4-t)(7 nmic )(12 gncic) = 2.44 

Experimental Verification of COD and TOC 

Using HACH COD Reactor and chemicals, the COD of Durkee imitation vanilla 

was found to be 23,666 mg/L. This is within 2% of the theoretical value. 
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Using the Rosemount Analytical Dohrmann DC-190 TOC analyzer, the TOC for 

Durkee imitation vanilla was found to be 7165 mg/L. This compares favorably (3%) with 

the theoretical TOC value of 7400 mg/L. 
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Results of bottle tests 

"gM" indicates the moles per liter .
 

"%" indicate the percent of the initial amount still remaining.
 
Results found in files CSBOTTLE.XLS and CSTEST2.XLS
 

Phenol 

Table 13. Dichlorophenol removal with phenol as the primary substrate during bottle test 
1. 

3,4-DCP	 3,5-DCP 
Bottle C Bottle D Bottle C Bottle D
 

Time
 
hours gM % gM % 04 % gM %
 

0 12.2 100 12.5 100 13.0 100 13.5 100 
36 9.9 80.8 10.6 84.6 10.9 83.4 11.6 86.3
 
136 0.0 0.0 0.0 0.0 10.2 78.0 10.0 74.1
 
204 0.0 0.0 0.0 0.0 8.6 66.3 10.3 76.6
 
326 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
 
471 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
 
642 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
 
828 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
 

Phenol D 
14.0 

12.0 

10.0 

8.0 

6.0 

4.0 

2.0 

0.0	 d id slil id 
O 200 400 800 800 1000 

Tim. (hours) 
-a- 3,4-DCP -4-3,5-DCP 

Figure 16. Bottle test 1 removal curves for 3,4-DCP and 3,5-DCP for duplicate bottles 
with phenol as the primary substrate. 
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Clear Imitation Vanilla 

Table 14. Dichlorophenol removal with clear imitation vanilla as the primary substrate 
during bottle test 1. 

3,4-DCP 3,5-DCP
 
Time Bottle C Bottle D Bottle C Bottle D
 
hours pm % pm % gm % pm %
 
0 11.0 100 11.0 100 11.7 100 11.8 100
 
35 10.9 99.2 9.8 89.2 10.7 91.9 10.0 89.2
 
134 6.7 61.3 5.7 51.6 8.1 69.8 4.0 51.6
 
203 4.5 41.0 2.3 20.6 5.5 47.5 0.8 20.6
 
325 2.1 19.2 0.0 0.0 2.3 19.3 0.0 0.0
 
469 1.7 15.6 0.0 0.0 2.0 16.9 0.0 0.0
 
641 0.0 0.0 0.0 0.0 0.9 8.0 0.0 0.0
 
827 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
 

Imitation Vanilla C Imitation Vanilla D 

12.0 12.0 

10.0 10.0 

8.0 8.0 

6.0 6.0 

2 4.0 4.0 

2.0 2.0 

I 1110.0 0.0 lo 
0 200 400 600 800 1000 0 200 400 600 800 1000 

Time (hours) Tim. (hours) 

-0- 3,4-DCP -46-3,5-DCP -o-3,4-DCP 3,5-DCP 

Figure 17. Bottle test 1 removal curves for 3,4-DCP and 3,5-DCP for duplicate bottles 
with clear imitation vanilla as the primary substrate. 
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Guaiacol 

Table 15. Dichlorophenol removal with guaiacol as the primary substrate during bottle test 
1. 

3,4-DCP 3,5-DCP
 
Time Bottle C Bottle D Bottle C Bottle D
 
Hours gm % gm % gm % gm %
 
0 12.6 100 14.4 100 13.5 100 15.8 100
 
35 11.0 87.6 10.9 75.7 11.3 84.3 11.2 70.6
 
135 0.0 0.0 0.0 0.0 8.4 62.6 7.6 48.2
 
203 0.0 0.0 0.0 0.0 4.6 34.2 4.9 30.9
 
325 0.0 0.0 0.0 0.0 2.4 17.8 2.4 15.3
 
469 0.0 0.0 0.0 0.0 2.5 18.6 2.3 14.8
 
641 0.0 0.0 0.0 0.0 2.7 20.0 2.3 14.6
 
827 0.0 0.0 0.0 0.0 0.0 0.0 0.5 2.9
 

Figure 18. Bottle test 1 removal curves for 3,4-DCP and 3,5-DCP for duplicate bottles 
with guaiacol as the primary substrate. 
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Sodium Benzoate 

Table 16. Dichlorophenol removal with sodium benzoate as the primary substrate during 
bottle test 1. 

3,4-DCP 3,5-DCP
 
Time Bottle C Bottle D Bottle C Bottle D
 
hours tt/v1 % I.LN4 % itM tail %
 
0 12.9 100 13.0 100 12.9 100 13.0 100
 
36 11.2 86.8 11.6 89.5 11.3 87.3 11.7 89.6
 
135 0.0 0.0 0.0 0.0 9.5 73.5 9.8 74.9
 
204 0.0 0.0 0.0 0.0 8.0 61.7 7.8 59.8
 
326 0.0 0.0 0.0 0.0 6.8 52.9 5.4 41.4
 
470 0.0 0.0 0.0 0.0 6.8 52.6 4.9 37.5
 
641 0.0 0.0 0.0 0.0 5.8 45.0 3.9 29.6
 
827 0.0 0.0 0.0 0.0 1.6 12.6 0.0 0.0
 

Sodium Benzoate C Sodium Benzoate D 
14.0 14.0 

12.0 12.0 

10.0 10.0 

8.0 8.0 

6.0 6.0 

4.0 4.0 

2.0 2.0 

0.0 a a a 0 0.0 90 0 1 0 10 
0 200 400 600 800 1000 0 200 400 600 800 1000 

Time (hours) Time (hours) 

-a-- 3,4 uM 3,5 uM -a- 3,4-DCP 3,5-DCP 

Figure 20. Bottle test 1 removal curves for 3,4-DCP and 3,5-DCP for duplicate bottles 
with sodium benzoate as the primary substrate. 
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Molasses 

Table 17. Dichlorophenol removal with molasses as the primary substrate during bottle 
test 1. 

3,4-DCP 3,5-DCP
 
Time Bottle C Bottle D Bottle C Bottle D
 
hours gm % gm % gm % gm %
 
0 11.7 100 11.2 100 12.4 100 12.1 100 
36 8.8 75.2 9.8 87.5 9.7 78.6 10.6 87.9
 
136 4.6 39.5 7.4 65.9 8.6 69.2 13.2 109.3
 
204 2.8 23.6 2.8 25.4 7.6 61.3 6.7 55.9
 
327 2.1 18.0 1.7 15.0 7.1 57.3 6.1 50.7
 
471 1.1 9.7 1.1 9.8 5.4 43.6 5.3 44.3
 
642 0.4 3.4 0.2 2.1 4.0 32.0 4.1 33.7
 
828 0.0 0.0 0.0 0.0 1.1 8.7 1.9 15.9
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Figure 21. Bottle test 1 removal curves for 3,4-DCP and 3,5-DCP for duplicate bottles 
with molasses as the primary substrate. 
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Acetic Acid 

Table 18. Dichlorophenol removal with acetic acid as the primary substrate during bottle 
test 1. 

3,4-DCP 3,5-DCP
 
Time Bottle C Bottle D Bottle C Bottle D
 
hours gm % gm % gm % gm %
 
0 11.0 100 11.3 100 11.5 100 12.0 100
 
36 10.7 97.0 9.9 87.6 10.9 94.3 10.5 87.4
 
135 7.5 68.6 8.0 70.6 9.7 84.6 10.5 87.3
 
204 5.7 51.8 5.4 47.6 8.9 76.9 8.6 71.2
 
326 4.9 44.5 4.1 36.5 8.7 75.6 8.4 70.1
 
470 4.8 43.2 4.2 37.6 9.2 79.5 9.3 77.0
 
641 4.5 40.8 7.4 64.0
 
827 2.1 18.7 5.1 44.1
 

Figure 22. Bottle test 1 removal curves for 3,4-DCP and 3,5-DCP for duplicate bottles 
with acetic acid as the primary substrate. 
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Propylene Glycol 

Table 19. Dichlorophenol removal with propylene glycol as the primary substrate during 
bottle test 1. 

3,4-DCP 3,5-DCP
 
Time Bottle C Bottle D Bottle C Bottle D
 
hours um % gm % gm % um %
 
0 12.4 100 12.3 100 13.6 100 13.5 100
 
35 10.8 87.1 9.8 79.5 11.7 86.2 10.7 79.0
 
135 8.5 68.2 8.6 69.9 9.6 70.7 9.6 71.2
 
203 7.4 59.5 7.8 62.8 8.5 62.8 8.6 63.5
 
325 6.7 54.1 6.7 54.3 7.3 54.1 7.8 58.1
 
469 7.2 57.6 8.0 65.0 7.8 57.3 8.6 63.5
 
641 6.2 50.2 6.8 55.1 6.8 49.9 7.0 52.1
 
827 5.5 44.6 5.3 43.3 5.2 38.3 5.1 37.6
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Figure 23. Bottle test 1 removal curves for 3,4-DCP and 3,5-DCP for duplicate bottles 
with propylene glycol as the primary substrate. 
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Ethyl Vanillin in Propylene Glycol 

Table 20. Dichlorophenol removal with ethyl vanillin in propylene glycol as the primary 
substrate during bottle test 1. 

3,4-DCP 3,5-DCP
 
Time Bottle C Bottle D Bottle C Bottle D
 
hours gm % gm % gm % gm %
 
0 10.8 100 10.4 100 11.7 100 11.3 100 
35 9.6 89.2 8.9 85.3 10.4 89.0 9.6 85.1
 
134 10.8 100 9.6 91.9 10.7 91.0 10.5 92.7
 
203 8.1 75.4 8.1 77.3 9.0 76.8 8.8 77.8
 
325 8.5 78.4 8.5 81.9 9.9 84.5 9.5 83.8
 
469 8.8 81.2 8.7 83.6 9.4 80.3 9.2 81.6
 
641 7.9 72.9 8.1 78.1 8.2 69.9 8.5 74.9
 
827 8.4 77.7 6.8 64.9 7.2 61.1 5.9 52.5
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Figure 24. Bottle test 1 removal curves for 3,4-DCP and 3,5-DCP for duplicate bottles 
with ethyl vanillin in propylene glycol as the primary substrate. 
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No primary substrate 

Table 21. Dichlorophenol removal without a primary substrate during bottle test 1. 

3,4-DCP 3,5-DCP 
Time Bottle C Bottle D Bottle C Bottle D
 

% %
hours gm % gm % pm 
0 10.4 100 10.5 100 11.4 100 11.5 100
 
36 10.2 97.2 9.4 89.1 11.0 96.9 10.3 89.4
 
135 9.1 87.1 9.3 88.2 10.4 91.3 10.0 86.8
 
204 8.9 85.7 8.6 82.1 10.1 88.9 9.7 84.1
 
326 10.2 98.0 9.5 90.0 12.2 107.1 11.9 103.2
 
470 9.5 91.3 9.3 88.7 11.1 97.5 10.4 90.1
 
642 9.3 89.5 9.2 87.6 10.5 _92.4 9.9 86.5
 
828 9.3 89.5 8.1 76.6 9.0 79.4 8.3 72.1
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Figure 25. Bottle test 1 removal curves for 3,4-DCP and 3,5-DCP for duplicate bottles 
without a primary substrate. 
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Control 

Table 22. Dichlorophenol removal with imitation vanilla as the primary substrate and 
bottles spiked with mercuric chloride to kill the cells during bottle test 1. 

3,4-DCP 
Bottle D Bottle E Bottle F 

Time gm % gm % gm % 

0 10.3 100 11.5 100 10.6 100 
36 9.8 94.8 10.0 87.1 9.2 87.4 
135 6.7 64.9 9.1 79.1 4.9 46.2 
204 4.1 40.2 9.3 80.8 2.0 18.9 
325 1.6 16.0 10.5 91.5 0.4 3.3 
470 1.3 12.3 10.7 92.9 0 0 
641 0 0 11.7 101.9 0 0 
827 0 0 10.3 89.5 0 0 

3, 5 -DCP 

Bottle D Bottle E Bottle F 
Time gm % gm % 
0 11.3 100 12.6 100 11.5 100 
36 9.8 87.3 10.4 82.2 9.5 82.6 
135 8.1 71.9 8.3 65.6 8.5 73.4 
204 3.4 30 8.2 65.3 3.5 30.1 
325 0.9 8.1 8.0 63.1 0.3 3.0 
470 0.5 4.5 8.4 66.6 0 0 
641 0 0 7.7 61.1 0 0 
827 0 0 7.1 56.3 0 0 

http:7.156.30
http:7.761.10
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Figure 26. Bottle test 1 removal curves for 3,4-DCP and 3,5-DCP for triplicate bottles 
with imitation vanilla as the primary substrate but cells poisoned with mercuric chloride. 
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Phenol 

Table 23. Chlorophenol removal with phenol as the primary substrate during bottle test 2. 

3,4-DCP 3,5-DCP 
Time Bottle C Bottle D Bottle C Bottle D 
hours uM % AM % pM % uM % 
0 2.83 100 3.19 100 3.86 100 4.26 100 
19 3.04 108 3.05 95.6 3.32 85.8 3.38 79.3 
48 2.67 94.4 2.46 77.1 3.52 91.1 3.25 76.3 
91 0 0 0 0 0.45 11.6 0.38 8.9 
119 0 0 0 0 0 0 0 0 

3,4,5-TCP 
Time Bottle C Bottle D 
hours 04 % pM % 
0 1.92 100 2.19 100 
19 1.09 56.9 1.17 53.3 
48 1.19 61.9 1.02 46.4 
91 0.82 42.7 0.67 30.4 
119 0.69 35.7 0.58 26.6 

Figure 27. Bottle test 2 removal curves for 3,4-DCP and 3,5-DCP and 3,4,5-TCP for 
duplicate bottles with phenol as the primary substrate. 
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Clear Imitation Vanilla 

Table 24. Chlorophenol removal with clear imitation vanilla as the primary substrate 
during bottle test 2. 

3,4-DCP 3,5-DCP 
Time Bottle C Bottle D Bottle C Bottle D 
hours gM % j.iM % gM % gM % 
0 2.84 100 3.11 100 3.50 100 3.78 100 
19 2.44 85.9 2.45 78.8 2.93 83.3 2.89 76.3 
48 1.83 64.6 1.93 61.9 2.30 65.6 1.80 47.7 
91 1.06 37.3 0.51 16.3 1.23 35.1 0.23 6.1 
118 0.54 19.0 0 0 0.89 25.5 0 0 

3,4,5-TCP 
Time Bottle C Bottle D 
hours gM % gM % 
0 1.84 100 1.94 100 
19 0.90 49.2 0.95 49.0 
48 0.83 45.0 0.87 45.0 
91 0.70 38.2 0.69 35.4 
118 0.73 39.6 0.59 30.5 

Figure 28. Bottle test 2 removal curves for 3,4-DCP and 3,5-DCP and 3,4,5-TCP for 
duplicate bottles with clear imitation vanilla as the primary substrate. 
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Guaiacol 

Table 25. Chlorophenol removal with guaiacol as the primary substrate during bottle test 
2. 

3,4-DCP 3,5-DCP 
Time Bottle C Bottle D Bottle C Bottle D 
hours gM % ph4 1.th4 % pilvi % 
0 3.18 100 3.47 100 4.40 100 4.41 100 
19 2.78 87.3 2.78 80.1 3.56 80.8 3.81 86.3 
48 2.10 66.0 0.48 13.8 3.25 73.9 3.16 71.7 
91 0 0 0 0 2.93 66.6 2.25 51.0 
118 0 0 0 0 2.61 59.4 2.80 63.4 

3,4,5-TCP 
Time Bottle C Bottle D 
hours uM % AM 

0 1.99 100 1.87 100 
19 0.93 46.7 1.12 59.9 
48 0.99 50.0 1.00 53.7 
91 0.90 45.2 0.79 42.2 
118 0.83 41.5 1.07 57.3 

Figure 29. Bottle test 2 removal curves for 3,4-DCP and 3,5-DCP and 3,4,5-TCP for 
duplicate bottles with guaiacol as the primary substrate. 
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Molasses 

Table 26. Chlorophenol removal with molasses as the primary substrate during bottle test 
2.
 

3,4-DCP 3,5-DCP 
Time Bottle C Bottle D Bottle C Bottle D 
hours AM % pm % AM % AM % 
0 3.05 100 3.05 100 4.50 100 4.96 100 
19 1.96 64.0 1.54 50.6 3.56 79.2 3.94 79.5 
49 1.26 41.4 1.08 35.3 3.22 71.6 3.54 71.4 
91 1.12 36.7 0.84 27.6 2.52 56.1 3.28 66.2 
119 0.48 15.8 0.38 12.5 2.35 52.2 2.79 56.4 

3,4,5-TCP 
Time Bottle C Bottle D 
hours AM % pm % 

0 2.11 100 1.93 100 
19 0.83 39.1 0.75 39.1 
49 0.63 29.9 0.64 33.2 
91 0.73 34.3 0.63 32.7 
119 0.54 25.4 0.48 25.1 
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Figure 30. Bottle test 2 removal curves for 3,4-DCP and 3,5-DCP and 3,4,5-TCP for 
duplicate bottles with molasses as the primary substrate. 



82 

No primary substrate
 

Table 27. Chlorophenol removal without any primary substrate during bottle test 2.
 

3,4-DCP	 3,5-DCP 
Time Bottle C Bottle D Bottle C	 Bottle D 

gm %hours 04 % JIM % 04 % 
0 9.75 100 11.26 100 13.64 100	 14.42 100 
19 8.78 90.1 9.92 88.1 12.53 91.9	 13.00 90.2 
48 8.44 86.5 9.77 86.7 12.16 89.1	 12.67 87.9 
90 7.72 79.2 9.53 84.6 11.64 85.3 12.57 86.7 
118 7.94 81.4 10.51 93 12.15 89.1 13.71 95.1 

3,4,5-TCP 
Time Bottle C Bottle D 
hours tth4 % gM % 
0 2.23 100 2.05 100 
19 1.36 61.1 1.38 67.5 
48 1.34 59.9 1.30 63.5 
90 1.18 52.6 1.17 57.1 
118 1.18 52.8 1.36 66.5 
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Figure 31. Bottle test 2 removal curves for 3,4-DCP, 3,5-DCP and 3,4,5-TCP for 
duplicate bottles without a primary substrate. 
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Control 

Table 28. Chlorophenol removal with clear imitation vanilla as the primary substrate 
during bottle test 2. Bottles were autoclaved to kill cells. 

3,4-DCP 3,5-DCP 
Time Bottle D Bottle F Bottle D Bottle F 
hours AM % AM % AM % AM % 
0 3.12 100 3.14 100 3.66 100 3.83 100 
19 2.86 91.6 2.79 88.9 3.77 103 3.56 93.0 
48 2.70 86.5 2.88 91.9 3.49 95.2 3.58 93.6 
90 2.55 81.8 2.73 87.0 3.26 89.0 3.48 91.0 
118 2.77 88.7 2.61 83.2 3.11 84.9 3.15 82.3 

3,4,5-TCP
 
Time Bottle D Bottle F
 
hours ILM % AM %
 
0 2.13 100 2.14 100 
19 1.76 82.7 1.59 74.4 
48 1.73 81.4 1.64 76.5 
90 1.37 64.6 .1.51 70.7
 
118 0.99 46.4 1.03 48.2
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Figure 32. Bottle test 2 removal curves for 3,4-DCP, 3,5-DCP and 3,4,5-TCP for 
duplicate autoclaved bottles (controls) with imitation vanilla as the primary substrate. 




