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A pentachlorophenol-acclimated methanogenic consortium was incubated at temperatures

of 5°C, 10°C, 21°C and 31°C in brass columns packed with a uniform pea gravel. Four

identical 5.4 cm diameter columns with sample ports placed at 3.5 cm, 7.6 cm, 14.0 cm,

and 23.2 cm along the 30 cm length of column allowed for the measurement of PCP

degradation spatially. The columns were operated with a 2 day hydraulic retention time in

a continuous upflow mode and were fed 50 mg of acetate per liter, 3.4 1.1M

pentachlorophenol, and a vitamin and nutrient mixture. Immediate transformation of PCP

was observed through sequential ortho dechlorinations to form 2,3,4,5-TeCP and 3,4,5-

TCP in the column operated at 31°C. After a 120 hour lag period, the column incubated

at 21°C dechlorinated PCP by sequential cleavages of ortho chlorines. Complete

transformation of PCP to 3,4,5-TeCP was observed in the effluents from the 21°C and

31°C columns 192 hours after PCP introduction. PCP transformation to 2,3,4,5-TeCP

was observed in the 10°C column in very small amounts after a 816 hour lag period. The

column operated at 5°C showed no transformation or sorption of PCP over the 888 hour

study. PCP was fully transformed to 3,4,5-TCP in both the 21°C and 31°C columns by the

second column port at 7.6 cm from the influent. Initial results indicate that the use of

PCP-acclimated methanogenic consortia has potential to biodegrade PCP in situ in a

groundwater interceptor trench.
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Preface

This thesis is one of a series with respect to the development of the interceptor trench

concept. Tim Bricker recently completed a study of pentachlorophenol (PCP)

biodegradation at varying temperatures and low substrate concentrations. In addition,

related research involving aerobic pentachlorophenol degradation by Shawn Ellis and

sorption of chromium on iron coated sand by Juei-Chu Tu are currently in progress.

Chapter 1 contains an introduction to the interceptor trench concept. Chapter 2 provides

an overview of the pesticide pentachlorophenol and the current state of in situ PCP

biodegradation. Chapter 3 is written in the form of a manuscript submitted for

publication. Chapter 4 contains suggestions for future work. The attached appendices

contain all relevant experimental protocols and data collected during the course of this

study.

Jason David Cole
Old Saybrook, CT
September 24, 1993



Pentachlorophenol Reductive Dechlorination and the Significance of Temperature:

Development of an Interceptor Trench Technology

Chapter 1

Introduction

Biological remediation of contaminated soil and water shows promise in helping to

efficiently clean hazardous waste sites. The mechanisms of biodegradation are highly

attractive for in situ remediation. Given proper site conditions, complete mineralization of

a contaminant in a mixed soil water phase is possible. In particular, biological processes

functioning under anaerobic conditions have been shown to degrade a number of

recalcitrant halogenated aromatic compounds including polychlorinated biphenyls,

hexachlorobenzene, and pentachlorophenol (Mohn and Tiedje, 1992).

Organic compounds that are highly halogenated are often toxic to microorganisms. Thus,

it comes as no surprise that many of the persistent environmental pollutants found today

were once widely used pesticides. However, it has been found that reductive

dehalogenation occurs most rapidly in compounds with the highest degree of halogen

substitution (Vogel et aL, 1987). The process is responsible for the transformation of

many compounds that remain unchanged in aerobic systems for many years. Thus, it is

safe to say that the first step in the mineralization of many recalcitrant pollutants is

reductive dehalogenation.

Reductive dehalogenation is a powerful degradation process that many organisms are

believed to possess. The process occurs under reduced methanogenic conditions when a

halogen atom is removed from the molecule and is replaced with a hydrogen atom in a

stepwise manner. The position from which the halogen is removed depends on the

inoculum source, the parent compound, and the environment. Mixed cultures of bacteria

collected from anaerobic river sediments, municipal digesters, and methanogenic aquifers

have successfully biotransformed many synthetic organic compounds to lower substituted

derivatives of the parent compound. However, many times the biotransformation

products that result from reductive dehalogenation are more persistent and toxic than the

parent compounds. This is the case when tetrachloroethylene is transformed to the known

carcinogen vinyl chloride or the insecticide DDT is transformed to the EPA priority

pollutants DDD and DDE (Zitomer and Speece, 1993).



Anaerobic biodegradation is not the complete answer to effectively remediating a site with

a multitude of contaminants but often, it is a good place to start. Although vinyl chloride

is persistent in an anaerobic environment, when exposed to aerobic methanotrophic

environments, complete mineralization is possible (Vogel et al., 1987). When the process

of reductive dehalogenation is combined with aerobic degradation mechanisms, an

extremely efficient and highly flexible treatment scheme is produced. As answers are

sought to solve problems associated with hazardous materials, the benefits of sequential

anaerobic and aerobic treatment environments are being realized.

Pentachlorophenol was a widely used pesticide in the wood treatment industry until its use

was restricted by the EPA in 1984. The compound is a phenolic compound substituted

with five chlorine atoms that is highly toxic to microorganisms and subsequently resistant

to biodegradation. Within the wood treatment industry, PCP use was often careless. The

result was environmental releases of large quantities of PCP resulting in contaminated

wood treatment facilities.

Based on the high degree of chlorine substitution, PCP has been shown to reductively

dechlorinate in anaerobic methanogenic environments. Initial reductive dechlorinations

occur rapidly until the compound has been transformed to a trichlorophenol. 3,4,5 -

trichlorophenol (3,4,5-TCP), a common dechlorination product, is more toxic than PCP

itself to microorganisms and is often the cause of inhibition of further dechlorination

(Woods, 1985). As a result, 3,4,5-TCP tends to accumulate in anaerobic biological

systems. 3,4,5-TCP is formed from sequential ortho dechlorination relative to the

hydroxyl group. When 3,4,5-TCP is introduced to aerobic chlorophenol degraders, the

compound is rapidly mineralized by enzyme attack that ultimately ends in cleavage of the

cyclic ring structure and the formation of long chain organic acids (Mohn and Tiedje,

1992). Ideally, PCP degradation is complete resulting in full mineralization of the parent

compound. Thus, a sequential anaerobic/aerobic treatment scheme could effectively treat

PCP-contaminated groundwater or an aqueous phase in equilibrium with a contaminated

solid media.
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Objectives

Laboratory column studies were conducted to determine the feasibility and performance of

an in situ interceptor trench on a bench scale. Since groundwater naturally occurs at

temperatures between 5°C and 25°C, the relationship between PCP biodegradation and

temperature was investigated. A previous PCP biodegradation temperature study at 31°C,

21°C, 10°C, and 5°C (Thicker, 1993) showed complete PCP transformation to 3,4,5-TCP

at influent concentrations between 0.29 JIM and 0.37 PCP-contaminated treatment

sites generally contain much higher aqueous PCP concentrations. Thus, the response of

the consortia to a ten fold increase in PCP concentration was investigated. To

characterize the area requirements for PCP reductive dechlorination in an interceptor

trench, degradation was measured with space and time specifically, this study was

undertaken setting forth the following goals:

1. To investigate the effect of temperature on PCP degrading mesophilic organisms at

temperatures of 5°C, 10°C, 21°C, and 31°C.

2. To determine the PCP removal efficiency as a function of temperature.

3. To characterize the spatial requirements of reductive dechlorination within a packed

gravel column.

4. To examine whether temperature induces a different PCP reductive dechlorination

pathway.

5. To evaluate the effects of increased PCP influent concentrations on dechlorination

pathways and rates.
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Chapter 2

Literature Review

Introduction

Biological remediation of contaminated soil and groundwater shows promise in efficiently

cleaning hazardous waste sites. The mechanisms of biodegradation are highly attractive

for in situ remediation. Given proper site conditions, complete mineralization of a

contaminant to carbon dioxide, water and mineral salts is possible. Biological processes

functioning under anaerobic and aerobic conditions have been shown to degrade a number

of recalcitrant halogenated aromatic compounds including pentachlorophenol (PCP). This

chapter examines the fate, transport, and biodegradation potential of PCP and the

technology currently employed in the field.

PCP, an effective wood preservative and herbicide, was used widely until 1984 when its

commercial use was restricted by the Environmental Protection Agency. It comes as no

surprise that extensive use of PCP over the past century has created a myriad of

environmental problems. PCP by nature is a stable chemical. At 15°C and one

atmosphere, PCP exists as a solid non-flammable, non-reactive compound (Weiss, 1980).

Its physical properties make it an ideal preservative and growth inhibitor: they also make

PCP one of the most persistent environmental contaminants known. Many of the sites

listed under the National Priorities List are abandoned wood treatment facilities that once

used PCP heavily in treatment operations (Mikesell and Boyd, 1985). PCP also appears on

the Environmental Protection Agency's target compound list of priority pollutant organic

compounds (Fetter, 1993)

Chemical properties. PCP is a synthetic organic compound formed from the sequential

chlorination of phenol. PCP is created in many ranges of purity, the former procedure as

described is used in the manufacture of technical grade PCP. The process is carried out at

elevated temperatures in the presence of an anhydrous aluminum catalyst. This

manufacturing method is subject to considerable contamination due to elevated

temperatures and pressures. Hence, the formation of lower chlorinated phenols and

chlorinated dioxins, specifically hexachlorodibenzo-p-dioxins and octachlorodibenzo-p-

dioxin, readily occurs. Although formed in small quantities in comparison to the PCP

concentration, chlorinated dioxins are suspected carcinogens (WHO, 1987). It should be

noted that the most toxic dioxin isomer 2,3,7,8-tetrachlorodibenzo-p-dioxin is not present



5

in any commercially manufactured PCP product (Von Rumker et al. 1975). However,

contradictory findings in current research have shown trace quantities of 2,3,7,8-

tetrachlorodibenzo-p-dioxin present in PCP (WHO, 1987) The impurities of technical

grade PCP vary widely with manufacturer and the time period during which the compound

was created. Table 1 provides a summary of the contaminants and concentrations found

within three mixtures of PCP by two manufacturers (WHO, 1987).

Table 1. Impurities (mg/kg) in Different Technical PCP Products 1.

Component Specification, Producer, PCP content (%)
Technical
Monsanto
(84.6 %)

Technical
Dow

(88.4 %)

Technical
Dow

(98 %)
Phenols

Tetrachloro-
Trichloro-
Higher Chlorinated
Phenoxyphenols

Dibenzo-p-dioxins
Tetrachloro-
Pentachloro-
Hexachloro-
Heptachloro-
Octochloro-

Dibenzofurans
Tetrachloro-
Pentachloro-
Hexachloro-
Heptachloro-
Octochloro-

30000
ns 2.
ns

< 0.1
< 0.1

8

520
1380

< 4
40
90

400
260

44000
< 1000
62000

< 0.05
ns
4

125
2500

ns
ns
30
80
80

2700
500

5000

< 0.05
ns

< 0.5
< 0.5
< 1.0

ns
ns

< 0.5
< 0.5
< 0.5

1. Table information after WHO, 1987.
2. ns = not specified.

PCP in any form is slightly soluble in water and alcohol, and soluble in nonpolar solvents

such as oils, fats, and waxes (WHO, 1987). To effectively apply PCP to wood products,

the compound was dissolved in a nonpolar carrier. Diesel, kerosene, or number two fuel

oil often allowed substantial dissolution of the solid PCP and were relatively inexpensive.

Wood treatment methods varied among plants; some using pressure application while

others used dip tanks (Von Rumker et al., 1975). Regardless of the methods practiced,
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PCP was released to the environment in great quantities. Once released, the path of the

contaminant could follow any number of possibilities.

Environmental fate. In nature, PCP in solution exists in two distinct forms. At neutral

pH and above, PCP exists in the anionic form due to a pKa of 4.7 (at 25°C). In an acidic

medium (pH, less than 6), it is present as the undissociated phenol molecule. For example

at pH 2.7, PCP is 1% ionized compared to pH 6.7 where 99% ionization is observed. The

vapor pressure of PCP is low and at 1.5 x 10' mm Hg (at 20°C) could not even be termed

a semi-volatile compound. However, physical properties of the PCP carriers (i.e. solvents

or resins) may increase or decrease the rate of PCP volatilization. The solution pH will

also dictate whether PCP will volatilize because the undissociated species has a much

lower tendency to volatilize; thus, one would expect that volatilization from a solution

above pH 6 would be minimal. It has also been found that external temperature has a

significant effect on volatilization. An increase in temperature from 20°C to 30°C caused a

3-4 fold increase in volatilization. Environmental conditions such as relative humidity or

air flow rates had little effect. PCP transport by volatilization may provide an answer to

how PCP was detected in ambient rural mountain air at levels ranging from 0.25-0.93

ng/m3 (WHO, 1987).

Of the three possible environmental compartments, PCP is most commonly found in soil.

The physical and chemical properties of the surrounding soil matrix are directly related to

PCP transport between soil and aqueous phases. One of the most important physical

properties of a chemical is the octanol/water partition coefficient (Icy). The coefficient is

a numerical relationship representing the partitioning properties of the contaminant

between water and octanol, a nonpolar organic solvent (WHO, 1987). Likewise, (K.)

can be used to describe the partitioning of PCP between the aqueous phase and soil

organic matter. Using Equation 1, an empirical relationship, K. can be predicted from

the K, (Fetter, 1993).

log Kom = 0.0904 log ow 0.779 Eqn. (1)

The octanol/water partition coefficient is changed by pH because PCP, acting as a weak

acid, dissociates at pH's in the neutral range. Using the previous correlation and K,,,, as

function of external system pH, Kon, can be computed. Results shown in Table 2, bracket

a wide pH range.
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Table 2. Dependence of Korn on External pH

PH 1. Log K 1. Log K 2.

1.2 4.84 4.79
6.5 3.56 3.51
7.2 3.32 3.27
13.5 3.86 3.81

1. Table information after WHO, 1987.
2. Values computed using Equation 1.

From the table, it is evident that as the external pH increases, the Kom decreases. This

means that at higher pH, PCP is more likely to be found in the aqueous phase. Research

agrees with these predictions showing maximum adsorption in strongly acidic soils and

negligible adsorption in neutral to basic soils (Jury, et al., 1991). In addition, soil organic

content and relative surface areas have also been shown to influence adsorption (WHO,

1987). Clay content of a soil generally has a profound effect on the sorption of

contaminants. Since most clay surfaces are negatively charged, adsorption of the neutral

species is possible. However, the anionic species would be repelled from the clay particles

rather than adsorb (Jury, et al., 1991).

There are many factors that influence a compound's tendency to leach. Soil properties,

water infiltration rates, and the compound's chemistry generally can provide an indication

if leaching is possible. Leaching is a substantial transport mode for PCP. Physical

properties indicated previously show how a potential leaching scenario could quite easily

occur. Acting as a storage compartment, organic matter in a soil matrix readily sorbs

PCP. At levels of high soil moisture desorption occurs, passing the contaminant to the

aqueous phase. Once in an aqueous phase, PCP becomes highly mobile and bioavailable.

Soil water accumulation of PCP and consequent groundwater contamination is frequently

the result. Physical soil properties may accelerate or retard this process. The presence of
lower substituted chlorophenols (i.e. tetrachloro-, trichloro-, and dichloro-phenol) from

biotic or abiotic transformations will also increase the rate of transport, especially in an

aqueous medium. This is due to the higher water solubility associated with the lower

substituted chlorophenols (Dolfing and Harrison, 1992).
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The degradation of PCP may occur through two distinctly different microbially mediated

mechanisms. Reductive dechlorination is an anaerobic process by which chlorines are

sequentially removed from the aromatic ring and replaced by a hydrogen atom. Aerobic

degradation through oxidation or an alternating process of oxidation and reduction also

occurs.

Anaerobic PCP degradation. The anaerobic process begins with the addition of

electrons to the molecule, thus, an appropriate electron donor is required. Once the

electron transfer has occurred, the chloride anion is released to solution (Mohn and Tiedje,

1992.). The pathway of degradation is directly related to the external environmental

conditions, substrate concentrations, and the source of inoculum. Comparison of

pathways between acclimated and unacclimated inocula indicate that unacclimated cultures

preferentially dechlorinate at the ortho position relative to the hydroxyl group; whereas,

acclimated cultures show no preference to the ortho, meta or para positions. Reductive

dechlorination pathways of PCP have been well studied. In general, literature supports the

pathway described in Figure 1. The numbers adjacent to each path indicate the associated

reference (Smith, 1993).

Aerobic PCP degradation. The mechanisms of aerobic PCP degradation are solely

dependent on the type of bacteria involved. In particular, three bacterial strains:

Flavobacterium sp., Rhodococcus chlorophenolicus and Rhodococcus sp. have been

shown to mineralize PCP. The process by which these organisms degrade PCP begins

with the substitution of the chlorine para to the hydroxyl with another hydroxyl group,

forming a tetrachlorohydroquinone. The hydrolytic dechlorination is then followed by

sequential reductive dechlorinations forming trichlorohydroquinone and ultimately

dichlorohydroquinone (Mohn and Tiedje, 1992.).
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Figure 1. Summary of previously observed chlorophenol reductive dechlorination

pathways by acclimated and unacclimated anaerobic consortia. The numbers beside the

arrows refer to the following references: 1. Bryant et al., 1991; 2. Ide et al., 1972; 3.

Kuwatsuka and Igarishi, 1975; 4. Mikesell and Boyd, 1986; 5. Murthy et al., 1979; 6.

Hendriksen et al., 1992; 7. Nicholson et al., 1992; 8. Mikesell and Boyd, 1985; 9. Weiss

et al., 1982; 10. Woods et al., 1989; 11. Madsen et al., 1992; 12. Mikesell and Boyd,

1988; 13. Madsen and Aamand, 1992; 14. Mohn and Kennedy, 1992; 15. Hale et al.,

1990; 16. Boyd and Shelton, 1984; 17. Gibson and Suflita, 1986; 18. Struijs and Rogers,

1989; 19. Dietrich and Winter, 1990; 20. Haggblom and Young, 1990; 21. Kohring et

al., 1989b; 22. Suflita and Miller, 1985; 23. Kohring et al., 1989a; 24. Suflita et al.,

1988; 25. Zhang and Wiegel, 1990.
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In the Flavobacterium sp., only one hydroxylation occurs prior to reductive

dechlorination. In comparison, it is believed that Rhodococcus chlorophenolicus and

Rhodococcus sp. undergo a further hydroxylation at the ortho position before reductive

dechlorination. In both cases, once the initial hydroxyl group has been substituted and

reductive chlorination has begun, the products become easier to degrade with time (Mohn

and Tiedje, 1992.). Once reduced to dichlorohydroquinone, rapid metabolism and ring

fission in either the ortho or meta position occur. Further reduction to

chlorohydroquinone has been observed, yet this compound has a much slower rate of

metabolism, ring fission and ultimately mineralization. Potential reasons for the

persistence of chlorohydroquinone are unknown. Another possible degradation pathway

may be formed from the tetrahydroquinone biotransformation product. Through an

oxidative process, a tetrachlorobenzoquinone is formed which then under goes another

hydrolytic dechlorination to form trichlorohydroxybenzoquinone (TCHBQ). Further

degradation and ring fission of the TCHBQ is uncertain (Autenrieth, et al., 1991).

Mixed cultures of aerobic microorganisms in the presence of phenol can degrade PCP,

indicating the possibility of cometabolic activity. The degradation of phenol occurs

through the addition of a hydroxyl group ortho to the phenol molecule forming a catechol.

With the help of microbially produced enzymes, the ring is cleaved either in the ortho or
meta position to form organic acids. The acids are then rapidly broken down to common

metabolites that can enter the TCA cycle. It is believed that PCP can be cometabolized by

the same enzyme. Through hydrolytic dechlorination, a tetrachlorocatechol is formed; the

enzyme then cleaves the ring yielding a chlorinated organic acid which is susceptible to

further microbial degradation (Autenrieth, et al., 1991).

Bacteria are not the only microorganisms capable of degrading PCP. Recently, it was
found that the lignin-degrading white rot fungus Phanerochaete Chrysosporium is capable

of mineralizing PCP. The fungus produces an enzyme called a peroxidase which is

analogous to that produced by the aerobic bacteria. Working in a similar manner, the ring

is oxidized producing a tetrachlorocatechol which is then further degraded to chlorinated

organic acids. It was once thought that degradation was solely a result of the peroxidase.

New evidence indicates that degradation may occur via a methylation of the hydroxyl

group. P. Chrysosporium is a fairly new development in the field of bioremediation. In

time, the mechanisms by which it operates will be much better understood (Lamar et al.,

1990).
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Each of the organisms previously discussed has the ability to degrade PCP under the

proper conditions. In the laboratory, growth conditions are optimized and

microorganisms are not environmentally stressed; thus, the chance of success is greatly

increased. Biological remediation of PCP in a lab scale study and under actual

environmental conditions are literally worlds apart. It is for this reason that there have

been relatively few pilot studies to bioremediate PCP-contaminated media. To date,

substantial documentation exists for only two cases. However, many bench studies have

been undertaken in an effort to increase the success of future pilot studies at PCP-

contaminated sites.

The majority of the information found regarding in situ bioremediation of PCP was

developed through the Superfund Innovative Technology Evaluation (SITE) program.

The program, authorized under the Superfund Amendments and Reauthorization Act of

1986, was designed to assist in the development of novel and innovative treatment

techniques for hazardous wastes.

Case study No. 1. Through the SITE program, a pilot study to biologically treat PCP-

contaminated groundwater at former wood treatment plant evolved. The MacGillis and

Gibbs Company, a National Priorities List (NPL) site located in New Brighton,

Minnesota, had served as a wood treatment facility since the early 1920's. Creosote was

the sole preservative until 1950 when a process change to PCP in light oil was adapted. In

addition, the PCP and oil mixture was used for weed control on site. Open troughs were

used to apply PCP to the wood. As a result, significant amounts of PCP were released to

the soil from spills and drying practices. PCP use continued until 1970 when the facility

converted to a copper arsenate treatment process. During that period an adjacent facility,

the Bell Pole and Lumber Company (BPLC), was also using PCP as a wood preservative.

It is believed that PCP-contaminated groundwater from the BPLC is flowing onto the

MacGillis and Gibbs site (USEPA, 1991).

The remedial investigation feasibility study (RI/FS) showed that pockets of groundwater

contaminated with PCP and creosote were present on site. Based on this information, two

wells were installed, each producing flow rates greater than five gallons per minute and

PCP concentrations of approximately 45 mg/l. No additional information pertaining to

site the hydrogeology was included in the case study (USEPA, 1991).
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In the summer of 1989, a mobile biofilm reactor, designed, owned and operated by

BioTrol Inc. of Chaska, Minnesota, was evaluated under the SITE program for

applicability in treating groundwater contaminated with PCP. The fixed film bioreactor

was enclosed in a trailer where the process equipment was housed. The system shown in

Figure 2 included a mixing tank where the influent pH was adjusted and amended with

nutrients, a heater and heat exchanger, and a blower. The process summary is as follows:

groundwater containing PCP is adjusted to pH 7, and urea and trisodium phosphate are

added as nutrients. The influent is then passed through a heat exchanger and heater to

insure an optimal process temperature of 21°C. Water then enters the first of three

identical chambers packed with cross-stacked corrugated polyvinyl chloride sheets. Air is

continuously sparged in the base of each chamber. Indigenous microorganisms act as the

initial biological media and are acclimated for one week to PCP-laden groundwater. The

PCP degrading Flavobacterium sp. are then used to seed the reactor. Acclimation using

recycled waters is incorporated until the culture is fully adapted. Once acclimated, the

reactor begins treating PCP-contaminated water in an a once-through process mode. The

reactor system is operated at flow rates of 1, 3 and 5 gallons per minute. The results of the

tests are shown in Table 3 (Stinson et al., 1991).

Table 3. Average PCP Removal by the BioTrol, Inc. Process 1

Flow Rate
(gpm)

Groundwater 2.

(PPm)

Effluent

(PPm)

Percent Removal
Ave. (%) 3.

1

3

5

42.0 + 7.1
34.5 + 7.8
27.5 + 0.7

0.13 + 0.25
0.34 + 0.15
0.99 + 0.49

99.8
98.5
96.4

1. Table after Stinson et aL, 1991.
2. Decrease with time may reflect drawdown of aquifer.
3. Based on average daily effluent values.
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INFLUENT

Figure 2. BioTrol, Inc. Mobile Aqueous Treatment System (Stinson et al., 1991).
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The effluent rates achieved were quite remarkable considering that the reactor was fed

technical grade PCP and nearly 60 ppm of light oil that served as its carrier. The only

product tested in the effluent was PCP, thus, the possible presence of natural

biotransformation products, i.e., lower chlorinated phenols, cannot be overlooked.

Testing was undertaken to prove a mineralization hypothesis including: monitoring of the

off gasses to detect volatilization, TSS analysis to determine the possibility of organic

partitioning, and a biological assay with a species of fresh water minnows Daphina

magna. It is probable that mineralization of PCP occurred based on the favorable

toxicological assay (Stinson et al., 1991).

The total cost of the treatment processes is low and it is assumed that a larger scale

operation would be cost effective. BioTrol, Inc. manufactures two models for pump and

treat bioremediation: a mobile 5 gpm and a skid mounted 30 gpm unit. Capital

investments are $30,000 and $80,000 respectively. Costs due to leasing and amortization

are approximated to be an additional $4500/month (Stinson et aL, 1991).
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Case study No. 2. The Champion International Superfund Site in Libby, Montana,

contaminated a large volume of soil and groundwater through poor wood treatment

practices. The site, an active lumber mill, overlays two aquifers that feed the Kootenai

River. The site exists in an alluvial valley, thus, site hydrogeological conditions are

complex. Soils across the site are mixed with lenses of clays, silts, sands, and gravel

(USEPA, 1992).

An unlined waste pit, a former tank farm, and an unlined butt-dip area served as the

sources of contamination. Total concentrations greater than 5000 mg/kg of PCP and

creosote indicated that substantial contamination of the surface soils existed. Spilled PCP

and creosote migrated downward from these three areas, contaminating an upper and a

lower aquifer in the process. The aquifer solids were also contaminated through sorption

of dense and hydrophobic organic constituents of PCP and creosote. Groundwater

concentrations of PCP and creosote ranged from percent levels in the waste pit area to

parts per billion at the outer reaches of the plume (USEPA, 1992).

Two forms of biological remediation were eventually chosen to clean the site. In 1987, a

pilot study for the in situ biodegradation of the groundwater and aquifer solids

commenced. A land treatment pilot study for contaminated soil was also undertaken.

Testing within the contaminant plume indicated depressed levels of dissolved oxygen and

nutrients indicating the presence of naturally occurring organisms capable of PCP

degradation. Using four previously installed monitoring wells, hydrogen peroxide (H202)

and a soluble inorganic fertilizer were injected into the upper aquifer. Two new wells

were installed down gradient to monitor the biological performance. After approximately

120 days, a significant rise in the dissolved oxygen content occurred. At the same time,

PCP concentrations decreased to at-or below-detection levels. Land treatment consisted

of approximately 800 yds3 of excavated soils contained in a lined cell. The soil, containing

contaminant concentrations ranging from 700-2100 mg/kg, was evenly spread and

amended with nutrients, moisture, and an inoculum of indigenous contaminant acclimated

microorganisms. After a period of 45 days, soil concentrations had declined below the

EPA target level concentration of 100 mg/kg (USEPA, 1992).

With favorable results from the pilot studies, a full scale bioremediation system was

designed and approved by the EPA in 1988 and implemented in 1989. The full scale

process is nearly the same with some additional improvements. Down gradient of the

waste pit, a series of extraction wells were installed. Extracted groundwater and free



16

product are separated before introduction into a two stage biological treatment process.

The first stage consists of two fixed film bioreactors in series. The component and

schematic flow diagram is shown in Figure 3. The second is that of a modified rock

trickling filter. Rocks from the waste pit, contaminated with PCP were excavated and

placed upgradient of the waste pit. Effluent from the above ground bioreactor is then

applied to the rock filter in an effort to degrade contaminants sorbed to the rock surfaces.

The effluent then enters the groundwater. Additional nutrients and H202 are injected

before groundwater passes through the waste pit. This process enhances biodegradation

and contaminant flushing. The cycle is restarted when contaminant-laden groundwater is

captured by the extraction wells (USEPA, 1992).

Approximately 45,000 yds3 of highly contaminated soils were excavated, stockpiled and

introduced into two lined land treatment units. Each unit was designed to hold 25,000

yds3 of soil and operate under the same mechanisms as the pilot study. A four to six year

treatment period is expected for complete soil treatment. The length of treatment was

significantly reduced due to the seasonal variations. The expected treatment times were

calculated on significant biological activity occurring only during the summer months.

Since temperature relations to a cultures performance can only be estimated, the necessary
time required could be significantly less. The bioremediation as described and installed is

shown in Figure 4 (USEPA, 1992).

Total overall costs for the project estimated by the EPA, range from $8-10 million (1988

dollars). In comparison to a pump and treat technology, bioremediation is expected to cut

treatment time in half to 10 years, saving considerable time and money (USEPA, 1992).



Ground Water
from Extr Wells

Ztaam.:7-

.1

17

Equalization Tank

Heat Exchanger

Heat
Exchanger

Fluid

A

Nutrient
Supply Tank

Blower

BioreaCtor I

Control Panel
.011C

'Bioreactor II

To Rock Filter ana
Infiltration System 4,

Figure 3. Components of the above ground water treatment system (USEPA, 1992).



18

Monitoring Wells

13 Infection Wells

Infiltration
Trench

Ground Water Flow

a
Figure 4. In situ bioremediation of the Champion Superfund Site (USEPA, 1992).
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Conclusions

Anaerobic degradation of the highly chlorinated PCP occurs readily under reduced

conditions. It would seem logical then to assume that in situ anaerobic treatment has the

greatest potential to degrade PCP with minimal effort. Yet, each of the pilot studies

investigated choose to incorporate an aerobic process. Anaerobic degradation and

digestion have been effectively used in wastewater treatment. However, besides

laboratory studies, pilot studies involving anaerobic degradation are minimal if existent at

all. Reasons for the apparent disregard of the anaerobic mechanisms are unknown at this

time.

PCP-contaminated sites present many problems to the environmental engineer. The state

of PCP in a contaminated site is dependent upon the manner in which PCP was used, the

site soil, and hydrogeological conditions. In situ bioremediation is an emerging remedial

technique, and to date the level of technology employed in the field has been low

especially for PCP. Like any treatment method, bioremediation is one that is not

applicable to every site.

The success of in situ bioremediation will be governed by the bioavailabilty of PCP and

trace nutrients and the deficiency of inhibitory compounds. When the potential for in situ

failure is present, combinations of biological and conventional treatment methods show

great potential. Although only one true case of in situ bioremediation was discussed,

currently, there are a great number of studies involving the biodegradation of PCP.

Results of experiments, bench studies, and planned or on going pilot studies are becoming

more common in the literature. The fact that only two successful applications of

biotechnology were cited should not be interpreted as a sign of a failing technology.

Rather the results should be interpreted as a sign that bioremediation is a powerful

treatment strategy. Time will dictate the success or failure of this treatment option.

However, without institution of further pilot applications, the potential of full scale site

bioremediation may never be recognized.
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Chapter 3
Experimental Findings

Introduction

In an attempt to develop an innovative technology for the in situ biodegradation of

pentachlorophenol, a groundwater interceptor trench technology is being developed. The

trench consists of sequential anaerobic/aerobic zones to treat contaminated groundwater.

The reductive dechlorination by a mixed anaerobic culture of bacteria has been studied

under laboratory conditions at 31°C. However, since groundwater occurs naturally at

much lower temperatures (5°C-25°C), the goal of this research is to determine the effect

of temperature on the reductive dechlorination of pentachlorophenol.

It is well known that temperature affects microbially mediated reactions. With a decrease

in temperature, a longer period of bacterial accliination is expected. A reduction in the

reaction temperature would also be expected to decrease the reaction rate and the

bacterial growth rate. A decrease in temperature will surely inhibit reductive

dechlorination, yet it should not completely inactivate the bacteria's reductive

dechlorination mechanism. Decreasing the reaction temperature should not change

degradation pathways.

Four laboratory scale columns have been employed as a physical model of the interceptor

trench. Dechlorination will be investigated along the length of the column to characterize

the distribution of the consortia within the column. Furthermore, knowledge of the cross

sectional area required for PCP reductive dechlorination is of great importance in sizing

the inceptor trench when applied in situ.

The reductive dechlorination pathway is related to the external environmental conditions,

substrate concentrations, and the source of inoculum. Comparison of pathways between

acclimated and unacclimated inoculum show that unacclimated cultures preferentially

dechlorinate at the ortho position relative to the hydroxyl group whereas, acclimated

cultures dechlorinate at ortho, meta and para positions. The reductive dechlorination

pathways of chlorophenols has been well studied. Figure 5 shows a summary of the

complete anaerobic degradation pathway of PCP observed in the literature. The numbers

adjacent to each path indicate the associated reference (Smith, 1993).
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Figure 5. Summary of previously observed chlorophenol reductive dechlorination

pathways by acclimated and unacclimated anaerobic consortia. The numbers beside the

arrows refer to the following references: 1. Bryant et al., 1991; 2. Ide et al., 1972; 3.

Kuwatsuka and Igarishi, 1975; 4. Mikesell and Boyd, 1986; 5. Murthy et al., 1979; 6.

Hendriksen et al., 1992; 7. Nicholson et aL, 1992; 8. Mikesell and Boyd, 1985; 9. Weiss

et al., 1982; 10. Woods et al, 1989; 11. Madsen et al., 1992; 12. Mikesell and Boyd,

1988; 13. Madsen and Aamand, 1992; 14. Mohn and Kennedy, 1992; 15. Hale et al.,

1990; 16. Boyd and Shelton, 1984; 17. Gibson and Suflita, 1986; 18. Struijs and Rogers,

1989; 19. Dietrich and Winter, 1990; 20. Haggblom and Young, 1990; 21. Kohring et

1989b; 22. Suflita and Miller, 1985; 23. Kohring et al., 1989a; 24. Suflita et al.,

1988; 25. Zhang and Wiegel, 1990.
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External environmental conditions, such as temperature, have been shown to directly

affect the process of reductive dechlorination (Table 4). Temperature acts to inhibit or

enhance the organism or culture capable of reductive dechlorination (Mohn and Tiedje,

1992). Previous research on the effects of temperature on reductive dechlorination has

focused on the optimization of mesophilic organisms (15°C to 45°C) and their

environments (Brock and Madigan, 1991). However, little is known regarding the

process of adapting a culture to reductively dechlorinate outside its optimal laboratory or

natural environment.

Table 4. Temperature Research Summary

Substrate Conditions Inoculum Reference

PCP
2,4-DCP
2-CP
4-CP, 3-CP

Aerobic, Batch, 0°C and 4°C
Aerobic, Batch, 0°C and 20°C
Aerobic, Batch, 0°C and 20°C

Clay Loam
Sediment
Stream Water

Baker et al.,
1980

PCP Aerobic, Water Channel, 4°C,
10°C, 19°C, 30°C

Stream Water
Sediment

Pignatello et
al., 1986

2,4-DCP Anaerobic, Batch, 5°C to 72°C Lake Sediments Kohring et
al., 1989a

2,4-DCP Anaerobic, Batch, 5°C to 72°C Lake Sediments Kohring et
al., 1989b

PCP Aerobic, Upflow Column,
4°C to 25°C

Pure cultures Valo et al.,
1990

PCP Anaerobic, Batch, 50°C, Different
Inocula Cultured from 10°C to
55°C

Digester Sludges
Swamp Sediments
Lake Sediments
Manure

Larsen et
al., 1991

PCP Anaerobic, Upflow Column, 5°C,
10°C, 21°C, and 31°C

Digester Sludge Bricker,
1993

In research conducted by Kohring et al. (1989a), the anaerobic degradation of 2,4-

dichlorophenol (2,4-DCP) by freshwater lake sediments was measured at 18 different

temperatures ranging from 5°C to 72°C. The inoculum, harvested at 25°C, degraded 2,4-

DCP to 4-chlorophenol at temperatures from 5°C to 50°C. Further degradation of 4-CP

was only observed at incubation temperatures from 15°C to 40°C. All sediments required

an acclimation period prior to initiating reductive dechlorination activity. Results

indicated that at temperatures below 25°C acclimation times increased with decreasing

temperature, and above 40°C increased with increasing temperature. In a similar study,
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Kohring et al. (1989b) examined 2,4-DCP degradation by a sulfate-reducing consortium

with respect to temperature. Overall, results were similar. However, in the presence of

added sulfate, reductive dechlorination was only observed between 18°C and 40°C.

Reductive dechlorination of PCP by psychrophiles or facultative mesophiles can be

promoted as shown by Larsen et al. (1991). Anaerobes originating from swamp and fresh

water sediments at 10°C to 15°C were incubated under thermophillic (50°C) conditions in

the presence of phenol and PCP. Cultures taken from cold environments and acclimated

to higher temperatures exhibited greater PCP removal rates than the cultures remaining at

high incubation temperatures.

Studies on the effect of temperature on aerobic biodegradation of chlorinated aromatic

compounds have been conducted by Baker et al. (1980), Pignatello et al. (1985), and

Valo et al., (1990). Research supports acceptable biodegradation in the mesophilic

environment. However, degradation outside this temperature range (below 15°C) was

often minimal if present at all. In all cases, higher environmental temperatures resulted in

higher degradation rates. In general, all aerobic temperature studies indicated optimum

contaminant removal rates from 20°C to 30°C.



24

Research objectives. With the present lack of research on temperature effects, this study

was undertaken setting forth the following goals:

1. To investigate the effect of temperature on PCP-degrading mesophilic organisms at

temperatures of 5°C, 10°C, 21°C, and 31°C.

2. To determine the PCP removal efficiency as a function of temperature.

3. To characterize the spatial requirements of reductive dechlorination within a packed

gravel column.

4. To examine whether temperature induces a different PCP reductive dechlorination

pathway.

5. To evaluate the effects of increased PCP influent concentrations on dechlorination

pathways and rates.
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Materials and Methods

The effects of temperature on the reductive dechlorination of PCP were evaluated in four

identical experimental columns. The columns were inoculated with a mixed anaerobic

culture collected from the effluent of a 10 liter continuous flow stirred tank reactor

(CFSTR). The CFSTR was held at 31°C and fed 5300 mg/1 acetate, a nutrient solution

containing inorganic nutrients and vitamins (Nicholson et al, 1992), and 3.4 AM PCP for

a period of approximately three years prior. Reactor effluent was collected, settled, and

decanted to produce a concentrated cell slurry. Once a sufficient amount of cell

concentrate was collected, the slurry was suspended and divided into four equal aliquots

of approximately one liter each.

Inoculum. Consortia were acclimated to 31°C, 21°C, 10°C, and 5°C by successive

transfers to constant temperature environments at each of these temperatures. The culture

remained at the new temperature for one week prior to lowering. The cultures then were

allowed to acclimate undisturbed for a minimum period of 45 days. Prior to column

inoculation, each aliquot was suspended by bubbling with N2 gas and 10 mg of sodium

acetate was added.

Once each column was inoculated, the consortium was fed a modification of the CFSTR

feed solution used by Nicholson et al. (1992) and Stuart (1993) at a constant flow rate to

provide a two day hydraulic retention time in each of the columns. The feed consisting of

inorganic nutrients, vitamins and acetate was prepared in the following concentrations: (in

mg/1) MgC12.6H20, 9.00; KC1, 6.50; NH4C1, 10.49; CaC12.2H20, 1.25; CoC12-6H20,

0.15; MnC12.4H20, 0.10; NiC12.6H20, 0.0757; H3B04, 0.0291; CuC12.2H20, 0.0135;

Na2Mo04.2H20, 0.0129; ZnC12, 0.0105; NaHCO3, 250; Na2HPO4, 1.5, pyridoxine

hydrochloride, 3.75x10-4; riboflavin, 1.91x10-4; p-aminobenzoic acid, 1.89x10-4; thiamin,

1.89x10-4; thioctic acid, 1.89x10-4; nicotinic acid, 1.88x10-4; pantothenic acid, 1.88x10-

4; folic acid, 7.69x10-4; biotin, 7.54x10-5; B12, 4.50x10-6. Sodium acetate and glacial

acetic acid were added to provide 50 mg/1 as acetate and sodium bicarbonate was added at

250 mg/1 to provided alkalinity. After a 10 day period, PCP was introduced into the feed

at 1 mg/l. Feed preparation is outlined in Appendix A.

Column system. Four identical brass columns (30 cm long x 5.4 cm diameter) were used

to conduct the study (Figure 6; Table 5). Each column had an internal volume of 686 ml

and was sealed on each end by removable aluminum caps equipped with dual 0-ring seals.
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Stainless steel mesh over the influent port in the aluminum cap prevented cells from

migrating out the column base. Sample ports were located at the influent, the effluent,

and four positions along the length of the column. From the column base, four 3.2 mm

(1/8 " ) O.D. female stainless steel connectors, (Cajon Co., Macedonia, 01-1) were brazed

to the column at 3.5, 7.6, 14.0, and 23.2 cm. Each connector was welded to a 3.2 mm

(1/8 ") O.D. stainless steel tube that extended into the center of the column. External

fittings consisted of 3.2 mm (1/8 ") brass fractional tube adapters (Cajon Co., Macedonia,

OH) coupled to 3.2 mm (1/8 ") Swagelock® brass ball valves (Nupro Co., Willoughby,

OH). Connections to the influent and effluent ports of the columns at the aluminum end

caps were made in a similar manner. White silicon #2 test tube septa, in place of the

conical ferrule assembly, were used to seal all sample ports.

Pea gravel passing a 1/4" (6.4 mm) U.S. Standard Testing Sieve (W.S. Tyler Co. , Mentor,

OH) but retained on a #4 (4.75 mm) sieve was washed, air dried, and used to pack each of

the four columns. Each column was weighed empty, then filled with gravel in 10 cm lifts

and shaken to achieve maximum consolidation of the media. Once tared, the system was

filled with tap water in an upflow method. Mass difference yielded the void space within

the column.

Each of the four systems was carefully emptied and refilled in the same manner. However,

between each lift of gravel, a liquid suspension of cells was used to fill the void spaces.

During inoculation, anaerobic conditions were not maintained as the cells were transferred

to each column under atmospheric conditions. Cell transfer was rapid, yet, care was taken

to prevent oxygen entrainment. The columns were assembled, fully sealed, and installed in

their respective temperature chambers. Columns were incubated at 5°C, 10°C, 21°C, and

31°C.

The columns were operated in a continuous upflow mode at a flow rate of 0.091 ml/min.

to provide a 2 day hydraulic retention time. Feed was pumped from anoxic 500 ml filter

flasks through 3.2 mm (1/8 " ) O.D. FEP Teflon® tubing (Cole-Parmer Co., Niles, IL) by

an FMI QG6-1CSC pump with a low-flow adapter (Fluid Metering Inc., Oyster Bay, NY).

For a 10 day period, prior to PCP introduction, columns were fed acetate and nutrients

only; the pumps were calibrated and reactor temperatures were monitored. The complete

experimental protocol is outlined in Appendix B.
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Table 5. Summary of Materials and Column Conditions

Column:

The column is a 30 cm brass tube with sampling ports at the influent, effluent, and
four additional locations along the column.
Columns are packed with pea gravel at 38 % porosity.

Conditions:

Columns were inoculated with pentachlorophenol-acclimated organisms (170 mg
VS S/column ave.).
Columns are fed an acetate/pentachlorophenol/nutrient mixture at a two day
hydraulic retention time.
Columns are held at constant temperatures of 5°C, 10°C, 21°C, and 31°C.
Anaerobic conditions are maintained by saturating the feed with nitrogen,
maintaining positive nitrogen headspace pressure in the feed flasks, and sealing the
reactor completely.
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Sampling procedure. Reactor samples were taken immediately prior to the introduction

of PCP and at 1-3 day intervals thereafter. Liquid samples were collected from the

columns using six 1 ml luer tip glass syringes (Popper & Sons Inc., New Hyde Park, NY)

equipped with 6" 22 gauge hypodermic needles (Hamilton Co., Reno NV). The samples

were dispensed into 6x50 mm glass culture tubes, where they were immediately prepared

for chlorophenol measurement.

Chemical sources. Pentachlorophenol (purity > 99.9% ) was obtained from the Sigma

Chemical Co. (St. Louis, MO) and was used without further purification. All other

chemicals used over the course of the experiment were obtained from Mallinckrodt Co.,

(Paris, KY) and EM Science (Cherry Hill, NJ).

Analytical procedures. Chlorophenol analyses were conducted using 100 p.1 samples.

Samples were acetylated and extracted into hexane using a modification of the method

developed by Voss et al. (1981) and the National Council of the Paper Industry for Air

and Stream Improvement (1981). The method (Smith, 1993; Appendix C) was as follows:

1 ml of solution containing 30.4 g/1K2CO3 and 1 mg/12,4,6-tribromophenol as an internal

standard were combined with the a 100 pl column sample in a 10 ml culture tube with a

Teflon® lined cap. 100 p.1 of acetic anhydride was added and the tube was shaken

mechanically for 20 minutes. 3 ml of HPLC grade hexane was added and the tube was

shaken for an additional 20 minutes. The hexane fraction was removed and transferred to

a 2 ml amber glass vial with a Viton® crimp cap where it was immediately loaded for

analysis by gas chromatography.

All chlorophenols were quantified on a Hewlett-Packard 5890A gas chromatograph

equipped with an autosampler and coupled to a Hewlett-Packard 3392A integrator.

Sample volumes of 1µl were injected at 250°C and analyzed using a DB-5 fused-silica

capillary column (30 m x 0.323 mm; J & W Scientific, Folsom, CA) coupled to 63Ni

electron capture detector operating at 320°C. Helium at 60 psi served as the carrier gas

and a 95/5 mixture of argon/methane at 40 psi was used as the detector auxiliary gas. The

temperature program was as follows: an initial temp of 45°C was held for two minutes; the

temperature was increased at a rate of 15°C/min to 100°C; followed by a 5°C/min increase

to 215°C; the oven was held for at 215°C for 3 minutes; the run ended with a final ramp of

30°C/min to 245°C where it was held for 10 minutes.
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Acetate was measured by ion chromatography using the method outlined in Appendix E.

Analysis of the aliquots for total and volatile suspended solids were determined using

standard methods 2540D and 2540E (American Public Health Association, 1989;

Appendix G).
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Results

Throughout this study, concentrations of PCP and its metabolites in the influent, effluent,

and four intermediate column ports were measured with time. Since most of the

biological activity occurred within the first 3.5 cm of the columns (port 5), concentrations

at port 5 are shown in Figures 7 and 8. The average influent PCP concentration is plotted

for reference.

31°C column performance. At 24 and 72 hours, the PCP concentrations at port 5 (3.5

cm) in the 31°C column were 3.30 and 3.15 [tM, roughly equal to the average influent

concentration (Figure 7). Transient PCP concentration peaks were observed at each

column port during the first 120 hours of sampling. At 72 hours, PCP's first

dechlorination product, 2,3,4,5-tetrachlorophenol (2,3,4,5 -TeCP), was observed. The

concentration of 2,3,4,5-TeCP increased to a maximum observed concentration of 1.29 11

M at 120 hours. At this time, the production of 2,3,4,5-TeCP's ortho dechlorination

product, 3,4,5-trichlorophenol (3,4,5-TCP), was observed. The concentration of 3,4,5-

TCP steadily increased from 72 to 264 hours leveling off at 2 1.1M. The concentration of

PCP at port 5 (3.5 cm) continued to decrease resulting in 85 % PCP removal; mass

balance computations showed the production of 23 % 2,3,4,5-TeCP and 62 % 3,4,5-TCP

based on the average influent concentration. Although complete PCP removal was not

observed at column port 5 (3.5 cm) over 672 hours, PCP and 2,3,4,5-TeCP were both

completely removed by port 4 (7.6 cm) after 192 hours. Analyses of the column effluent

and samples taken from ports 4 (7.6 cm), port 3 (14.0 cm), and port 2 (23.2 cm) indicated

that only 3,4,5-TCP remained, representing greater than 99% conversion of PCP to 3,4,5-

TCP.

21°C column performance. Similar results were observed at port 5 (3.5 cm) in the 21°C

column (Figure 8). A longer lag was observed in the 21°C column before dechlorination

occurred. At 31°C, PCP metabolites were first identified at 72 hours; at 21°C, metabolites

were first observed at 120 hours. 2,3,4,5-TeCP, was produced transiently reaching a

maximum concentration of 0.64 gM before it was dechlorinated further to 3,4,5-TCP

which attained a maximum concentration of 2.99pM at 192 hours. A mass balance

around PCP and its metabolites indicated that at 264 hours, 89 % of the average influent

PCP was transformed to lower chlorinated phenols forming 13 % 2,3,4,5-TeCP and 76 %

3,4,5-TCP. As in the 31°C column, PCP was not totally removed by port 5 (3.5 cm) of
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the 21°C column. However, after 192 hours, complete PCP removal was observed at port

3 (14.0 cm) with 3,4,5-TCP as a final transformation product.

5°C and 10°C column performance. PCP concentrations in the influent, effluent, and

the 95 % confidence intervals for the effluent of the columns at 5°C and 10°C are shown in

Figure 9. Fluctuations in the effluent PCP concentrations were not appreciable. More

importantly, no metabolites of PCP were observed in the effluent from the 5°C or 10°C

columns during the 816 hours of the experiment. Therefore, fluctuations in the effluent

PCP concentrations were not interpreted as biotic transformations.

While there was no evidence for PCP degradation in the 5°C column after 888 hours, after

816 hours, 2,3,4,5-TeCP was observed in the 10°C column (Figure 10). The second ortho

dechlorination product, 3,4,5-TCP was not observed and the production of 2,3,4,5-TeCP

(typical concentrations of 0.00- 0.80 1AM) was not stoichiometric with respect to PCP

removal. The mass balance on the system rapidly fell off. No other dechlorination

products have been observed, which suggests nonbiological mechanisms or an alternative

biodegradation pathway. However, Woods (1985) showed partition coefficients for PCP

and 2,3,4,5-TeCP at pH 7 are very similar. Thus, since PCP is not significantly removed

by sorption during the first 816 hours, it is unlikely that the decline in chlorophenol mass

balance is due to sorption alone.
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PCP removal. While only partial PCP removal was observed in the 21°C and 31°C

column at port 5 (3.5 cm), data collected from port 4 (7.6 cm) showed nearly complete

removal of PCP (Figure 11). The earliest evidence of PCP removal was exhibited in the

column at 31°C, with no PCP present at port 4 (7.6 cm) after 120 hours. There was a

longer lag period in the 21°C column. Yet, PCP was fully degraded at port 4 (7.6 cm)

within 192 hours.

Chlorophenol concentrations at each port at 192 hours are shown in Figure 12 (31°C) and

Figure 13 (21°C). All reductive dechlorination activity occurred before port 4 (7.6 cm) in

both columns. The removal of PCP at 21°C and 31°C is similar despite the 10°C

difference in temperature. Each figure shows the presence of the transient 2,3,4,5-TeCP

and the final end product 3,4,5-TCP.

PCP concentrations with time are shown for the 31°C (Figure 14) and 21°C column

(Figure 15) at ports 3 (14.0 cm), port 5 (23.2 cm), the influent (port 6), and the effluent

(port 1). Removal of PCP within the 31°C (Figure 14) column occurs within 72 hours,

whereas PCP removal in the 21°C column is not observed until 120 hours. After 192

hours, PCP concentrations with location along the column were approximately equal.

After 192 hours complete removal of PCP had occurred by port 4 (7.6 cm) in both

columns.

Experimental variations. At 672 hours, the influent PCP concentration in the 21°C and

31°C columns was tripled to create an average PCP concentration of 13.1 .tM. At the

higher influent concentration, the consortia continued sequential ortho dechlorinations of

PCP forming 2,3,4,5-TeCP and 3,4,5-TCP (Figure 16 and Figure 17). Complete PCP

removal never occurred during the 216 hours of feeding at 13.1 p.M. However, a 90 %

and 95 % removal of the average influent PCP concentration occurred in the 31°C and

21°C columns, respectively (Table 6). Similar trends were observed in both columns with

respect to the transient production and degradation of the intermediate 2,3,4,5 TeCP and

the accumulation of the end product 3,4,5-TCP compared to the earlier times with 3.24 IA

M influent PCP.
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Table 6. Congener Concentrations in the 21°C and 31°C Columns

Compound Time

Effluent Port Influent
1 2 3 4 5 6

31°C

PCP
744 1.11 1.70 3.62 4.71 7.97 10.81
816 1.24 2.16 5.47 6.15 8.97 11.52
888 3.01 4.93 7.80 7.61 10.45 14.72

2,3,4,5-TeCP
744 1.36 1.67 1.56 1.23 0.91 0.00
816 1.94 2.27 1.58 1.13 0.93 0.00
888 4.33 4.13 3.35 2.15 1.57 0.00

3,4,5-TCP
744 5.14 2.43 2.63 0.00 0.00 0.00
816 4.05 2.08 0.00 0.00 0.00 0.00
888 2.70 2.88 2.15 1.21 0.00 0.00

21°C

PCP
744 0.78 1.54 1.72 4.23 7.00 10.75
816 0.26 0.94 1.98 3.51 7.33 14.79
888 0.58 2.29 3.59 7.84 9.60 15.76

2,3,4,5-TeCP
744 2.35 2.78 2.41 1.70 0.98 0.00
816 1.87 2.42 2.37 1.92 1.06 0.00
888 2.96 4.54 3.48 3.10 1.15 0.00

3,4,5-TCP
744 5.21 2.08 2.05 0.60 0.00 0.00
816 9.93 2.81 3.45 0.00 0.00 0.00
888 6.20 3.90 2.72 0.00 0.00 0.00
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Discussion

Temperature effects. Temperature is an important factor affecting the reductive

dechlorination of PCP. The consortia used in this study were taken from a CFSTR held at

31°C for over 3 years. Stepwise acclimation to successively lower temperatures was

accomplished over 8 weeks. The microorganisms responsible for reductive dechlorination

may be mesophiles with a minimum operating temperature of 15°C. Since the organisms

were harvested at 31°C, their failure to produce enzymes capable of significant

dechlorination at 5°C and 10°C is understandable. PCP transformation at 10°C was

observed (Figure 10); yet early findings indicate application of this culture to 10°C

groundwater is not practical based on the low PCP removal rates. It is very possible that

over a longer time period, significant dechlorination of PCP at 10°C would have occurred.

However, had a mixed anaerobic culture been collected from aquifer solids or lake

sediments and acclimated to PCP, higher removal rates and shorter acclimation periods at

lower temperatures (i.e. 5°C-10°C) may have been observed .

Controls. Separate sterilized control columns were not used because they would not

provide an accurate representation of nonbiological PCP removal. It is likely that bacterial

growth would have occurred in the rich substrate environment over the lengthy study,

creating a false standard of nonbiological PCP removal. Additionally, the chemistry of the

feed solutions would have been altered by the presence of microorganisms. However,

data from the 5°C and 10°C columns and early data from the 21°C and 31°C columns

suggest that nonbiological mechanisms are insignificant. No degradation was observed in

the inoculated 5°C and 10°C columns during the first 816 hours of the experiment. Figure

9 indicates that PCP was not altered by biotic or abiotic mechanisms and a mass balance

on the system yields that sorption over the column length is minimal, if present at all.

Average effluent concentrations of 3.15 IAM and 2.96 p.M in the 5°C and 10°C columns

indicate 5 % and 11 % removal of PCP, respectively, when compared to the average

influent concentration. The apparent PCP removal is within the accuracy of the

chlorophenol measurement. Yet, based on behavior of the 5°C column, it is probable that

fluctuations representing PCP removal were introduced by variations within the PCP

concentrations in the feed, rather than the analytical methods employed.

Before 72 hours, data from the columns at 21°C and 31°C support the lack of

biodegradation as well. Figures 7 and 8 clearly show PCP buildup and accumulation
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during the first 72 hours. If abiotic transformations existed, the PCP concentrations

would not have reached the levels observed in each column. The columns operated at

31°C and 21°C were identical to those at 5°C and 10°C. Thus temperatures less than 10°C

do not promote the degradation of PCP. Furthermore, since all experimental

configurations were constructed exactly alike and operated under the same conditions

(except temperature), the PCP congeners detected at 21°C and 31°C were microbially

mediated transformations of the parent compound.

Observed lags. There were pronounced lags in biodegradation in the 31°C, 21°C, and

10°C columns. The appearance of 2,3,4,5-TeCP was first observed at 72, 120, and 816

hours, respectively. The lag period in the columns at 31°C and 21°C was relatively short

in comparison to the lag observed at 10°C. Although the inocula were originally grown on

PCP, they were not fed any substrate during the temperature acclimation period.

Therefore, it is probable that the culture at 31°C exhibited a lag not as a result of

temperature, but rather substrate acclimation. The reason for the small difference in

biological lag times between the columns at 21°C and 31°C is unknown. It can only be

speculated that the additional 50 hour lag was due to the temperature change. The

organisms at 21°C were acclimated to their operating temperature for one week (168

hours) longer then those at 10°C. Thus, it is likely that the lengthy acclimation period

observed in the 10°C column was due to the temperature which may have resulted in a

shift of the microbial population.

Reductive dechlorination pathways. Numerous studies have shown that culture

acclimation has a direct effect on the biotic degradation pathways of PCP. Boyd et al.

(1983), Boyd and Shelton (1984), Mikesell and Boyd (1985), Woods et al. (1989) and

most recently Nicholson et al. (1992) showed that unacclimated organisms in the presence

of PCP remove chlorines ortho to the hydroxyl group. Whereas, acclimated cultures may

remove chlorines from the ortho, meta or para positions of PCP or any of its congeners

(Nicholson et al., 1992). The microbial consortia used to inoculate each column had been

acclimated to PCP for a period of three years before they were used in this study. Based

on previous research, one would expect to see all possible dechlorination pathways

represented in this study. However, the organisms sequentially removed only ortho

chlorines from PCP.

The sequential ortho dechlorination pathway observed was unexpected based upon

findings in the literature and pathway identified by Nicholson et al. (1992) for the
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consortium. Changes in the expected degradation pathways can be attributed to many

factors, yet temperature is not likely one. The inoculum was taken from a CFSTR at

31°C, and the pathway shown in the 21°C column was identical to that at 31°C. In an

effort to keep the technology simple, cost effective, and growth of competing organisms

low, the influent solution contained minimal amounts of the electron donor (acetate), other

inorganic nutrients, and vitamins. This fact, coupled with the organisms previous

environment of high electron donor concentrations, vitamins, and nutrients, is the likely

cause of the shift in pathways. In addition, redox potentials were not measured. Thus, it

is uncertain if optimal conditions for methanogensis had occurred within the columns

during the testing period. As a result, if these conditions were not fully met, the reversion

to the ortho, ortho pathway could have been induced.

Reaction rates. Zero order reductive dechlorination rates were calculated assuming an

even distribution of cells over the length of the reactor. Figures 16 and 17 show PCP

transformations throughout the column, supporting the assumption that an active biomass

is present over the entire column length. Applying the difference in concentrations, the

distance between each port, and the initial cell concentration, five rates could be

determined for each sampling period. This created a matrix of rates which were accepted

when the following assumptions were met:

PCP and 2,3,4,5-TeCP reductive dechlorination rates were positive.

rates of zero and those one away from zero were invalid.

concentrations at each port were greater than 0.50 1.1.M.

all calculations were made after steady state was reached at 192 hours.

At 672 hours, the PCP concentration in the 21°C and 31°C columns' influent was tripled.

Rates for the removal at the higher concentration were computed and chosen in the same

manner as previously described. For comparison, rates calculated in the 21°C and 31°C

columns were normalized with respect to VS S concentrations present in each column at

the time of inoculation. No effort was made to model the changes in the cell population

over time based on growth or decay. However, computations for steady state cell

concentrations based on substrate removal and cell decay were conducted (Appendix H).

The results shown in Table 7 were computed for the average PCP removal and 3,4,5-TCP

production within the rate matrix. For the purpose of rate comparison to studies in a

batch reactor by Nicholson et al. (1992), and Stuart (1993), the reaction rates determined

were separated based on an average PCP influent concentration. Comparison of results

indicate that the reaction kinetics computed in the columns are within the same range of
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those computed in the batch reactor. In fact, the values are remarkably close given the

extremely different environmental conditions under which these two experiments were

conducted.

Table 7. Reductive Dechlorination Kinetics

PCP0= 3.4 vt.M PCP° = 13.1 1A4 Batch
Temperature Rins°s1Pc.daPy a n iano1PCPx a n amoIPCP '

X
g-----§s-Tr

ianolPCP
X

gVSS day SVSS daY

31°C 10.8 6.2 9 8.6 6.7 10 7.4 20
21°C 12.5 1.6 5 16.3 16.7 10

1- Reductive dechlorination rates observed by Nicholson et al. (1992).
2 Reductive dechlorination rates observed by Stuart (1993).

There are many limitations in the approach taken for rate computations. Figures 12 and

16 and Figures 13 and 17 are PCP profiles at high and low concentrations for the 31°C

and 21°C columns, respectively. Each profile shows that approximately 4 p.M of PCP is

transformed by the first column port regardless of the influent concentration. In Figures

16 and 17, it is also evident that for higher PCP concentrations, the PCP removal rate

decreases along the column. This trend was not evident in the columns at lower influent

concentrations (Figures 12 and 13) because PCP was immediately transformed. These

PCP removal patterns suggest that the assumption of a zero order substrate utilization

may be invalid. The decrease in the rate may also be a result of inhibition by PCP's

metabolites. While these values suggest similar degradation rates, rates are normalized

with respect to the actual cell concentration which is not well known (Appendix H).

A temperature lag is quite pronounced in the reduction of PCP concentrations in the 21°C

and 31°C columns (Figures 7,8 and 11). By comparing rates (Table 7) and recognizing

the large standard deviation, PCP transformation rates are not significantly slower in the

21°C verses the 31°C column. The lower 2,3,4,5-TeCP concentration in the 21°C column

is not attributable to a lag; rather, it is being degraded as quickly as it is produced. Figure

8 shows the concentration of 2,3,4,5-TeCP in the 21°C column to be significantly lower

than the 2,3,4,5-TeCP concentration in the 31°C column (Figure 7). It appears that the

production of 3,4,5-TCP in the 21°C column occurs almost twice as fast as the 3,4,5-TCP

production over the same distance within the 31°C column.



50

If there is an increased rate of biotransformation at 21°C, it would suggest that two

different microbial species enhanced or inhibited by temperature are responsible for

reductive dechlorination, or it may suggest that 31°C is not the optimal temperature for

the PCP degraders within the consortia. However, a more likely explanation can be found

in the 72 hour interval between column sampling. It is quite possible that intermittent

peaks in 2,3,4,5-TeCP concentrations were masked by the sampling window giving rise to

the unlikely results. In addition, although experimental rates (Table 7) indicate faster

reaction kinetics in the 21°C column, when the standard deviation is applied to rates

observed within the 31°C column, the overall kinetics are not significantly different.

Engineering significance. Initial results of this study show that the interceptor trench

technology is applicable in climates where average groundwater temperatures approach

21°C. Unfortunately, conditions of this nature are only found within the extreme portions

of the southern United States. With acclimation, PCP was removed in the 10°C column.

The lag prior to dechlorination should not be interpreted as a failure of the technology.

This technology will require minimal maintenance for the addition of nutrients and the

creation of anoxic conditions. Since equipment to deliver nutrients is required, the cost to

add heat may not significantly increase the overall cost of this remedial strategy. Steam

could efficiently heat a trench system to the minimum feasible operating temperature of

21°C shown in the column studies. Increasing the hydraulic retention time of the trench

may increase the temperature range of this technology making biodegradation at 10°C or

even lower practical. There also always remains the possibility of selecting different

organisms that are adapted to lower temperatures such as organisms from anaerobic lake

sediments.

This study provides answers to basic questions arising in the application of an interceptor

trench technology. The results of the rate comparison provide useful information for an

application where groundwater temperatures are less than 21°C. Rate comparisons show

no significant differences in reaction rates at 21°C and 31°C. Thus, the benefit of heating a

trench to 31°C would be minimal. Temperatures of 21°C provide essentially the same

removal rates after the initial lag in dechlorination is overcome.

Spatial results also show some very important characteristics of the PCP degraders within

the culture and its relation to potential trench dimensions. Full degradation of PCP

occurred almost immediately in the column, requiring only 7.5 cm of the column length at
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an influent concentration of 3.4 JIM. If the microorganisms are evenly distributed and

there is an average 186 mg VSS per 30 cm column, the mass of organisms required for

complete removal (7.5 cm) is 46.5 mg at a flow rate of 0.09 ml/min. Thus, the governing

factors in trench installation are ease and cost of construction. In conjunction with

traditional groundwater control devices, the inceptor trench is a flexible remedial strategy.

Using subsurface cutoff walls for example, contaminant plumes moving under local

gradient with the groundwater could be channeled into a trench system for treatment.
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Summary and Conclusions

1. A mesophilic anaerobic culture can reductively dechlorinate PCP outside its

temperature optima. However, the process was severely inhibited at 10°C and

completely inhibited at 5°C, over the 2 month study period.

2. At temperatures of 21°C and 31°C PCP, was biotransformed in excess of 99% to

3,4,5-TCP. Partial degradation of PCP at 10°C occurred.

3. PCP was removed within the first 7.5 cm in both the 21°C and 31°C columns. Spatial

results and relative PCP removal rates indicate that the overall mass of dechlorinators

required within the column is small.

4. PCP is rapidly dechlorinated through sequential ortho dechlorinations regardless of

influent PCP concentration or temperature.

5. Comparisons of PCP biotransformation rates at influent PCP concentrations of 3.24

and 13.1 1.1M indicate that there is no significant difference in rates of reductive

dechlorination despite the major physical differences in which they were measured.
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Chapter 4

Suggestions for Future research

Over the course of this research, many ideas came to mind to further the development of

the trench technology. The following is a list of questions and suggestions that would be

relevant to an application of this technology.

I. Replace the highly purified PCP used for feed stock with technical grade PCP as this

grade of the chemical is most likely to be found in a contaminated groundwater.

2. PCP was commercially applied in a carrier oil or solvent. Thus, create a feed solution

from a mixture of polar and nonpolar solvents to determine if inhibition within the

PCP-degrading consortia would occur in a water typical of wood treatment sites.

3. Evaluate the toxicity threshold of the culture to PCP and its dechlorination products.

In addition, the toxicity of other contaminants should also be examined to determine

cleanup criteria prior to a biological trench treatment scheme.

4. Replace acetate, the electron donor, with excess phenol so only one electron donor is

required for sequential anaerobic/aerobic treatment.

5. Evaluate the effect of column retention time on the biotransformation of PCP by

varying column flowrates.

6. Investigate the possibility of obtaining a mixed anaerobic culture from a cold water

environment. If possible, allow the culture to acclimate to PCP and monitor

degradation rates and pathways as well as toxicity.

7. Attempt to mobilize PCP in a contaminated soil, using the leachate as feed stock for

the anaerobic columns.

8. Link the metals removal, anaerobic biological, and aerobic biological technologies

together in an attempt to treat a synthetic groundwater contaminated with chromium

and PCP. Pending a favorable outcome, repeat the study using leachate collected from

the mobilization and extraction of a PCP-contaminated soil.
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9. Investigate the possibility of vitamin B12 addition to the columns in an attempt to

promote biotic and abiotic PCP degradation.

10. Substitute methanol for acetate as the electron donor. Preliminary tests conducted in

the CFSTR with methanol show PCP removal rates a factor of six faster than with

acetate.
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Appendix A

Feed Preparation Protocol

Purpose: To prepare a stock feed solution for a mixed anaerobic culture of

pentachlorophenol (PCP) degrading bacteria. Acetate will serve as an electron donor and

PCP as the electron acceptor. Ammonium chloride is provided as the nitrogen source.

Trace minerals and vitamins are also added to promote bacterial growth. The contents

and concentrations of the feed solution are those used by Bricker, (1993) which are based

on a modification of the formula used by Nicholson et al. (1992).

Prior to mixing of the feed solution, a saturated PCP solution is required. The pKa of

PCP is 4.7 at 25°C, thus the maximum solubility in solution is highly dependent upon pH.

At a pH higher than that of the pKa, the anionic species is dominant and consequently

more soluble. At a pH of 7, the solubility of PCP is approximately 14 mg/I yet, some

discrepancy has been shown in this number.

Materials:

1 liter volumetric flask
2 liter volumetric flask
Volumetric pipettes: 2, 3, 50, 25, 100 ml capacities
30 1 oz. Nalgene wide mouth plastic bottles
Clean amber glass reagent bottle
Magnetic stir plate and stir bar
Glass fiber filter (Gelman Science type A/E)
Filtration apparatus
Suction flask
Distilled/deionized water
Sodium Bicarbonate (Na2HCO3)
Glacial Acetic Acid (CH3COOH)
Sodium Acetate (NaCH3COO)
Stock solution S4 (Minerals)
Stock solution S7 (Vitamins)
Ammonium Chloride (NH4C1)
Sodium Phosphate (Na3PO4)
Saturated PCP Solution (C6OHCL5)
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Procedure:

1. Acquire the needed chemicals and record the compound name, formula

weight, manufacturer, city, state, lot number and purity analysis in a

laboratory notebook.

2. To obtain a saturated solution, one liter of distilled/deionized water,

approximately 20 mg of reagent grade PCP and a magnetic stir bar are added

to a clean amber glass reagent bottle. Cap the bottle and permanently place

on a magnetic stir plate. The weighing and mixing procedure should be

carried out using a respirator or in a fume hood. (Exact measurement of the

solid PCP is not necessary because a saturated solution is desired. Thus,

excess solid should be present in solution.)

3. Although the amber glass bottle will protect the solution, PCP has been

shown to degrade photochemically. For this reason, the stir plate and flask

should be completely covered by an additional light impermeable cover. The

saturated solution should be sampled on a regular basis to determine the

maximum level of solubility and the concentration of the saturated solution.

4. Concentrations should be monitored using the miniature chlorophenol assay

and quantified by a chlorophenol standard curve. Since the saturated solution

was formulated with pure PCP, the chromatogram should theoretically be

clean showing peaks for the internal standard and PCP only.

5. In the event any other peak is evident, the congener and its respective

concentration should be recorded so that it is not mistaken for a

biotransformation product during the course of the experiment.

6. Prepare a concentrated 1 liter feed solution using an acid washed 1 liter

volumetric flask. Add approximately 0.5 liters of distilled/deionized water,

and combine in the following order:

20 g Sodium Bicarbonate (Na2HCO3)
2 g Sodium Acetate (NaCH3COO)
0.680 g Ammonium Chloride (NH4C1)
0.120 g Sodium Phosphate (Na3PO4)
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2 ml Glacial Acetic Acid (CH3COOH)
6 ml Stock solution S4 (Minerals)
3 ml Stock solution S7 (Vitamins)

Fill the remaining volume with distilled/deionized water. Invert the flask 25

times then fill each of the plastic bottles with approximately 30 ml of the

solution. Cap and label each bottle and store in the freezer until needed.

7. The feed solution is prepared using an acid washed 2 liter volumetric flask.

Add approximately 1.5 liters of distilled/deionized water to the flask.

Remove a thawed concentrated feed bottle from storage and add 25 ml using

a volumetric pipette. To create a PCP laden feed, filter the saturated PCP

solution to remove particulates using a Gelman Science type A/E glass fiber

filter. Capture the clean filtrate, measure 150 ml with a volumetric pipette

and add to the flask. Use distilled/deionized water to fill the flask to the

etched line.

8. Invert the flask 50 times to insure proper mixing, the feed solution is now

ready for use. Refrigeration is recommended for prolonged storage of the

feed solution to retard natural acetate degradation. Based an a column flow

rate of 0.09 ml/min, 2 liters of feed will last approximately 4 days.
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The contents and concentrations of the stock solutions are shown in Table 8.

Table 8. Stock Solution Contents and Concentrations

S4 (Minerals) S7 (Vitamins)
Compound Concentration

(WI-)

Compound Concentration

(mg/1)
MgC12.6H20 120.089 Pyridoxine Hydrochloride 10.01

KC1 86.713 Riboflavin 5.08
NH4C1 26.600 p-Aminobenzoic acid 5.05
CaC122H20 16.707 Thiamin 5.05

CoC126H20 2.001 Thioctic acid 5.03

MnC124H20 1.338 Nicotinic acid 5.01

NiC12.6H20 1.010 Pantothenic acid 5.00
H3B03 0.388 Folic acid 2.05
CuC122H20 0.181 Biotin 2.01

Na2Mo04 2H20 0.173 B12 0.12
ZnC12 0.141

The final characteristics of the feed solution are shown in Table 9.

Table 9. Feed Solution Contents and Concentrations

S4 (Minerals) S7 (Vitamins)
Compound Concentration

(g/L)

Compound Concentration

(Ing/i)
MgC126H20 9.00 Pyridoxine Hydrochloride 3.75E-04
KC1 6.50 Riboflavin 1.91E-04
NR4C1 1.99 p-Aminobenzoic acid 1.89E-04
CaC12.2H20 1.25 Thiamin 1.89E-04
CoC12.6H20 0.15 Thioctic acid 1.89E-04
MnC124H20 0.10 Nicotinic acid 1.88E-04
NiC126H20 0.0757 Pantothenic acid 1.88E-04
H3B03 0.0291 Folic acid 7.69E-05
CuC122H20 0.0135 Biotin 7.54E-05
Na2Mo04.2H20 0.0129 B12 4.50E-06
ZnC12 0.0105 CH3COOH 26.22
NaHCO3 250 NH4C1 8.5
NaCH3C00 25 Na2BPO4 1.5



64

Appendix B

Experimental Protocol

Purpose: To study the reductive dechlorination of pentachlorophenol at four different

temperatures. This protocol describes the apparatus and methods used to conduct this

experiment in detail. In addition, a sampling plan and commissioning and

decommissioning of the reactors will also be covered.

Materials:

4 Fully assembled brass upflow column
4 24" ring stands
4 1000 ml beakers
8 500 ml side arm flasks
4 7" rubber balloons
6x50 mm culture tubes (one for each sample)
1 Large vile file
7 Ground glass syringes with 6" needles
Glass tubing
8 No. 7 two hole stoppers
Portable nitrogen cylinder with regulator
small bore hypodermic needle
8' 3/16" I.D. vinyl tubing
8 right angle ring stand connectors
24 # 2 silicon test tube septa
4 FMI QC-6 piston pumps with low flow adapter kits
4 liters of clean sorted pea-gravel

25' Teflon® FEP tubing 1/8" O.D.
Triple beam balance
#4 ASTM sieve
1/4" ASTM sieve

Procedure:

1. Begin by sorting the pea-gravel to a uniform size with soil sieves. Stack a

1/4" standard sieve atop a # 4 standard sieve, introduce gravel and

mechanically shake for 5 minutes. Gravel that passes the # 4 sieve and

retained on the 1/4" sieve should be discarded.
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2. The sorted gravel remaining on the # 4 sieve should be cleaned with at least

three rinses of tap water then allowed to fully air dry. Prepare at minimum, 4

liters of gravel.

3. Assemble each reactor as diagrammed, taking care not to damage the brazed

threaded fittings. Prepare the test tube septa by trimming the sidewalls off

with a sharp razor. Install the conical shaped plugs in the appropriate

positions in place of the ferrule and back ferrule. The septa is permanently

held in place by a hand tightened swagelock® nut. Insert the 6" needle into

the septum and mark the position on the bore when the needle is visible in the

empty reactor chamber. Should septa deterioration occur, replacement by the

previous procedure is required.

4. Weigh the entire reactor assembly on a triple beam balance. Record the tare

weight and carefully disassemble each reactor taking care not to mix parts.

5. Introduce clean, dry gravel into each reactor chamber in 3; 10 cm lifts. Shake

between each lift to ensure a uniform void space. Continue this procedure

until each column is full. At this time, completely reassemble each column,

reweigh and record.

6. Fill each column with water in an upflow manner from the port at the reactor

base. Make certain that all sample valves over the column length are closed.

Allow for stabilization to ensure that any trapped air has been purged from

the void space, reweigh and record.

7. The mass balance difference in weight is the volume of the voids assuming

that 1 gram of water is equivalent to 1 ml of void space. Temperature

correction for the density of the water is not required. Calculate the void

space for each column and record.

8. Drain the columns and empty the gravel into a clean 1000 ml beaker. Label

each beaker with its respective column identification and store at the

appropriate temperature.
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9. Attach the empty columns to ring stands and install each in its respective

temperature location. Using the 1/8" FEP Teflon tubing, connect the

pumps, waste flasks and feed flasks to the columns.

10. Determine the easiest way to remove the column and disconnect it. Store the

column in the appropriate temperature environment until inoculation.

11. To inoculate each column, temporarily remove the column, gravel and

bacteria from their respective incubator. Add approximately 10 mg of

sodium acetate (NaCH3C00) to the supernatant and fully mix each aliquot

of bacteria by gentle stirring. The bacteria may be easily kept in suspension

by bubbling nitrogen gas into the containers. In three sequential 4 inch lifts

fill the column with gravel and bacteria until all the gravel has filled the

column and all the void space is occupied by bacteria.

12. Top off the columns and carefully cap making sure to fasten each tie-rod

securely. Installation of end caps may be facilitated through the use of an

inert silicon o-ring lubricant.

13. Install each column into the respective temperature environment. Allow each

column to sit undisturbed for a period of approximately one day before

initiating pumping.

14. Thread two glass tubes capable of reaching the bottom of 500 ml flask into a

No. 7 two hole stopper. Connect one tube end to the pump, and equip the

second with a silicon septa. Empty feed solution into a 500 ml side arm flask

and cap with the prepared two hole stopper.

15. Connect the feed line to the open glass tube and disconnect the ferrule on the
influent side of the piston pump head. Pierce the septa with a hypodermic

needle and purge the feed solution with nitrogen for at least 25 minutes to
ensure complete oxygen removal.

16. While nitrogen bubbles through solution, place a 7" rubber balloon over the

shoulder of the side arm port. Allow for inflation and then pinch the opening
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closed. At this time, feed should be flowing freely from the disconnected

line. Connect the line to the pump head and release the balloon neck.

17. Prior to pumping, the remaining feed lines must be purged so that an

anaerobic environment is maintained. Disconnect the feed line from the

column base and activate the FMI pump. When feed begins to flow,

reconnect and open valve at the column base.

18. Initially, use a feed solution that contains no PCP. During this period,

calibrate the pumps on a mass per time basis to provide a two day hydraulic

retention time.

19. Closely monitor the chamber temperature for additional heat generated by the

pumps; adjust the chambers as necessary.

20. After each column has stabilized, sample from each port along the reactor

and prepare for analysis. Stop the reactor pump, and exchange the feed

bottle with PCP laden feed. Purge the system with nitrogen and restart the

pump. Be aware of air entrained in the lines and correct when required.

21. Record the time of the feed change and sample from all ports immediately.

Sample from all ports from this time on every day until a peak in degradation

is observed.

22. To start the sampling plan, each reactor is labeled with a code describing the

sample location, temperature and the cumulative sample number. The six

ports on the reactor are labeled A through F (top to bottom) followed by the

respective temperature. A dash is then used to separate the sample number.

For example, A31-127 would describe the 127 sample taken during the

project, taken from the top port of the 31°C reactor.

23. Prepare to sample by labeling 24 6x50 mm culture tubes and 10 ml culture

screw top culture tubes with the appropriate identification as previously

described.
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24. A ground glass syringe and plunger with a 6" 22 gauge stainless steel

hypodermic needle is required for each sample collection. Six syringe

combinations are recommended with one devoted to a profile location for the

duration of the experiment. Clean the syringes between columns with three

methanol rinses from beakers containing successively cleaner methanol. The

final rinse should be the cleanest methanol.

25. Starting at the top of the reactor (port A) obtain a sample by inserting the

needle carefully through the septa and into the reactor until the septa meets

the mark on the needle. Remove approximately 1 ml with a slow retraction

of the syringe plunger. Remove the needle and discharge approximately 200

p.1 into the appropriate 6x50 mm culture tube. Once the sample has been

collected in the vial, the chlorophenol assay is incorporated for sample

qualification.

26. The equipment listed provides for duplicate feed delivery systems for each

column. Prior to reuse, each feed bottle should be filled with 100 ml of

chlorine bleach and diluted to 500 ml with hot tap water. Allow the flasks to

soak overnight, then attach a pump and evacuate the bleach solution through

the feed lines. Once each bottles has been emptied, flush thoroughly with

running tap water. Fill each bottle with distilled water and reconnect to the

pump.

28. Once adequate data have been collected and experiment termination is

desired, poison the microorganisms with an overdose of PCP. To do so,

simply exchange the feed solution with a saturated PCP solution. Again

continue to measure and quantify metabolites. The point, however, is that no

transformations occur and a PCP mass balance is attained. Thus, any

transformation observed during the course of the experiment were

biologically induced or mediated.
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Appendix C

Miniature Chlorophenol Assay Protocol

Purpose: Develop a procedural method to analyze chlorophenols with a gas

chromatograph (GC). The method originally was developed by Voss et al. (1981) then

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

Materials:

500 pl syringe
100 41 adjustable volume repeating pipette with disposable tips
1000 IA fixed volume repeating pipette with disposable tips
3 ml fixed volume repeating pipette with disposable tips
Pasteur pipettes (one for each sample) and bulb

10 ml screw top culture tubes with Teflon lined caps

Autosampler vials with Viton® caps
Hand crimper
Wrist action shaker
125 ml separatory funnel
Chlorinated waste container
Chlorophenol reagent:

30.4 g/1 potassium bicarbonate (K2CO3)
1 mg/I 2,4,6 - tribromophenol (TBP)
distilled/deionized water

Acetic anhydride, reagent grade
Hexane, HPLC grade
Methanol, reagent grade

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 each use, syringes should be fully rinsed at least three times with

clean methanol.

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

place in a wire test tube rack.
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4. To each test tube add: 1000 p.1 of the chlorophenol reagent with the repeating

pipette, an appropriate sample volume using a clean syringe (1 ml or smaller)

and 100 pl of acetic anhydride with the appropriate repeating pipette. When

dispensing, be careful not to contaminate the syringe or pipette tips by

dispensing along the culture tube walls. Laboratory waste can be minimized

by incorporating a simple label on respective pipette tips. Furthermore, if

pipettes are devoted to only one reagent, cleaning the plunger between uses is

eliminated.

5. Cap each culture tube and invert twenty times by hand to promote mixing

then place on a wrist action shaker for 20 minutes.

6. 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.

7. To each culture tube add hexane using the 3 ml fixed volume repeating

pipette. Again cap each tube and invert twenty times by hand then place on

the wrist action shaker for an additional 20 minutes.

8. Prepare an autosampler vial 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 four chlorophenol

samples or each day (which ever is less). Arrangement on a vial-file will

greatly facilitate the entire procedure.

9. Remove the culture tubes and examine each for the presence of two phases.

If this does not exist, the hexane was not added to the tube. Using a new

Pasteur pipette for each sample, remove the top fraction of hexane from each

tube and fill the appropriate autosampler vial approximately 4/5 full. Finally,

seal the autosampler vials with Viton® crimp caps.

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

autosampler carrel for gas chromatographic analysis.
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11. Load the autosampler vials in the following order: hexane, samples A5-F5,

hexane, A10-F10, hexane, A21-F21, hexane, A31-F31, hexane, method

blank, and two standard curve samples.

12. Check the following items on the gas chromatograph 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 at least half full

with HPLC grade hexane.

The waste bottles A and B should be empty

13. Workfile 1 is used for chlorophenol analysis and is automatically loaded when

the keystrokes [WORKFILE] [1] [ENTER] are initiated. The temperature

program is as follows:

Initial temperature 45°C hold for 2 minutes.

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

14. To activate the sampler, press [OPTION] [11]. Answer the following

questions pertaining to the autosampler by pressing enter to make no

changes; the value to make changes. At this time, the GC program method

will be displayed. Provided that all the current information is correct, list the

method file on the integrator by pressing [LIST] [WORKFILE] [1] then, start

the GC run with the [START] key on the integrator keypad.

15. Fill out the logbook for the GC. Enter your name the date, the analysis

method, the number of samples, and the run numbers. In addition, if any

maintenance was done to the instrument record that information as well.

16. After each sample has been prepared, the liquid remaining in each culture

tube should be emptied into the separatory funnel. A two layer water hexane

system will form with hexane on top. The water on the bottom is drained off

and wasted to the drain. This is possible because chlorophenols are very

hydrophobic; subsequently the concentration of chlorophenols in the water is
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minimal if existent at all. The remaining hexane should be collected, properly

labeled and stored for disposal by trained staff.
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Appendix D

Retention Times for Chlorophenols

Table 10. Chlorophenol Retention Times - Expected & Relative

Compound Expected Retention
Time (min.)

Relative Retention
Time (min.)

2-CP 13.45 0.5041

3-CP 14.06 0.527

4-CP 14.30 0.536

2,6-DCP 16.66 0.6244

2,4-DCP 17.16 0.6432

2,5-DCP 17.16 0.6432

3,5-DCP 17.49 0.6555

2,3-DCP 17.98 0.6739

3,4-DCP 18.62 0.6979

2,4,6-TCP 19.63 0.7358

2,3,6-TCP 20.77 0.7785

2,3,5-TCP 20.98 0.7864

2,4,5-TCP 21.12 0.7916

2,3,4-TCP 22.24 0.8336

3,4,5-TCP 22.58 0.8463

2,3,5,6-TeCP 24.22 0.9078

2,3,4,6-TeCP 24.32 0.9115

2,3,4,5-TeCP 25.76 0.9655

TBP 26.68 1

PCP 28.68 1.075
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Appendix E

Acetate Measurement

Purpose: To measure the degradation of acetate within the column.

Acetate was measured on a Dionex Series 4000i Ion Chromatograph (IC) with a HPIC-

AS4A column. The IC was operated with an H2SO4 regenerant and a Na2CO3/NaHCO3

mixture eluant. Injection of acetate samples was automated and peak areas were

determined with a Dionex 4270 integrator. Measurement of acetate standards on the IC

worked well on all occasions however when applied to column samples, results were not

believable. Results of acetate analysis indicated more acetate in the column effluent than

influent. Values varied widely over an entire order of magnitude. This IC has been used

on many occasions to measure acetate, thus it is unlikely that instrument error was the

cause. It is very possible that other organic acids produced as a result of acetate

degradation or PCP dechlorination interfered with accurate acetate measurement within

the column. Due to lack of confidence in the acetate results, none of the data collected

was used in the overall analysis of this study nor is it included in the laboratory data found

in Appendix I.

Materials:

Dionex polyvialsTM
Dionex filter caps

Procedure:

Refer to the May 22, 1990 protocol, drafted by Mark Humphrey entitled " Operation of

the Dionex Series 4000i Ion Chromatograph (IC)".
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Appendix F

Standard Curve Protocol

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

chromatographic analysis. Analysis of a compound using a gas chromatograph (GC) is

based on the mass of the sample in moles. Since the injections are automated the volumes

are assumed always equal. Repeated chlorophenol analysis has shown that the Hewlett

Packard 5890A GC operates accurately with 1 pl injections ranging from 1e-11 to le -8

moles of chlorophenols in hexane. Therefore, sample volumes within the previous molar

range are desirable. If approximate influent concentration and sample volumes are known,

a mass in moles, injected into the GC can be determined. Using this mass to define the

upper limits of the curve, decreasing sample volumes can be chosen to yield smaller molar

masses. Concentrated standard chlorophenol solutions "A" and "B" were prepared by

Sheryl Stuart and are available for standard curve generation. The standard in methanol is

highly concentrated, thus to accurately measure small sample volumes, a dilution is

required to minimize measurement errors. Both "A" and "B" contain a mixture of

chlorophenols. Contents and associated concentrations of each standard are listed Table

11.

Materials

See chlorophenol assay protocol

Procedure:

1. To create a one hundred-fold dilution, 10 ml of Std. A or B is delivered with

a volumetric pipette to a 1000 ml volumetric flask. Methanol is used to fill

the remaining flask volume. The flask is inverted 50 times and distributed

into 4 ml screw top amber glass vials. Each vial is sealed with a Teflon®

lined cap and labeled with the initials "CP STD A100" or "CP STD B100". If

significant quantities of the"100" series standards are available, the dilution

step may not be required. Standards are stored refrigerated however, before

using, obtain permission.

2. Sample volumes of 25, 50, 100, and 500 IA are prepared from standard A100

and 10 and 50 p.L samples are taken from standard A using various
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volumetric syringes. Using the sample volumes and the given standard

concentrations in Table 11, the respective masses in moles of each GC

injection can be computed. In addition, at least one method blank should also

be created to ensure clean laboratory practices. Each sample is prepared

using the miniature chlorophenol assay, developed by Dr. Mark Smith and

analyzed on the GC.

3. Analysis of the GC data is facilitated through the use of a computer

spreadsheet package. The area ratio, (the area of the chlorophenol divided by

the area of the internal standard), is plotted on the ordinate and the molar

mass on the abscissa. The ultimate goal is to create a straight line graph

relating the mass in moles of chlorophenol added to the area ratio. From the

straight line, the unknown concentrations of chlorophenol samples can be

determined.

4. If the volumes chosen created molar masses ranging over orders of

magnitude, data cropping or incorporation of a log-log plot may be necessary

to offset the curvilinear nature of the normal plot. Analysis at the lowest

masses is difficult because the intercept value begins to exceed area ratio

causing a negative molar mass. Thus, a forced zero intercept may also be

necessary to achieve a straight line fit that will yield positive masses. A

normal plot is most desirable and data manipulation should be used only when

necessary.

5. A linear regression should yield a correlation coefficient greater than 0.99.

6. The autosampler vials should be saved and stored in 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 11. Chlorophenol Standardsl

Compound Standard Solution Concentration
Std. A Std. B A A1002 B B1002

mg/1 mg/1 mg/1 mg/1

2,3-DCP 0.2086 0.002086
2,4-DCP 0.2088 0.002088
3,5-DCP 0.2071 0.002071
2,4,6-TCP N/A 0.0568 0.000568 N/A
3,4,5-TCP 0.0276 0.000276
2,3,5,6-TeCP 0.0294 0.000294
PCP 0.0201 0.000201

2,5-DCP 0.2034 0.002034
2,6-DCP 0.2003 0.002033
3,4-DCP 0.2073 0.002073
2,3,4-TCP 0.0447 0.000447

N/A 2,3,6-TCP N/A 0.0563 0.000563
2,3,5-TCP 0.0550 0.000550
2,4,5-TCP 0.0469 0.000469
2,3,4,6-TeCP 0.0310 0.000310
2,3,4,5-TeCP 0.0264 0.000264

1- Standards in methanol prepared on September 22, 1991.
2. Indicates a hundred-fold dilution of standard.
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Appendix G

TSS & VSS Analysis Protocol

Purpose: To quantify the amount and type of solids present in an effluent sample taken

from an anaerobic continuous stirred tank reactor. Samples are passed through a pre-

weighed glass-fiber filter, dried, and reweighed. The weight after drying at 105 °C, divided

by the sample volume represents the total suspended solids. Once weighed, samples are

introduced into a high temperature furnace to drive off all volatile organics. The

difference in weight following removal from the furnace divided by the sample volume

represents the volatile suspended solids concentration. Samples are analyzed by the

approach detailed in Standard Methods. The following is a summary methods 2540 D and

2540 E (American Public Health Association, 1989).

Materials:

Inert weighing dishes (one for each sample)
Muffle Furnace for operation at 500 ± 50°C
Drying oven for operation at 103 to 105°C
Desiccator with moisture indicator
Analytical balance
Glass-fiber filters (Gelman Science type A/E)
Filtration apparatus
Graduated cylinder
Distilled/deionized water wash bottle
Suction flask
Forceps

Procedure:

1. Before a sample can be analyzed, a filter must be prepared. Assemble the

filtration apparatus and using forceps, carefully install a glass-fiber filter

wrinkle side up, on to the filter plate. Apply a vacuum and wash the filter at

least three times with 20 ml of distilled/deionized water.

2. Once rinsed, remove the filter with forceps and place it in an inert weighing

dish. Place the wet filter on the side of the dish so that it does not adhere to

the dish while drying. Each dish should be pre-marked (preferably etched) so

that future identification is facilitated. The use of ink or grease pencils is not

recommended.
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3. Place the filters in a drying oven overnight, cool in a Desiccator, and weigh.

Record the weight and transfer the filters to a Desiccator with adequate

moisture adsorption capability for storage.

4. Begin sample analysis by assembling the filter apparatus and applying a

vacuum. Remove the prepared filters and dishes from the Desiccator and

place on the filter plate using forceps.

5. Wet the filter and assembly with distilled/deionized water to allow for proper

filter seating. Using a graduated cylinder, introduce a well mixed

representative sample into the filtration apparatus and record the volume.

Use a constant sample volume if duplicate runs are used.

6. After initial sample filtration, rinse the graduated cylinder completely to

remove any solids that may have adhered to the glass walls. Wash the filter

apparatus at least three times with distilled/deionized water. Allow for

complete removal of water before each successive rinse.

7. Continue suction for at least three minutes to ensure complete filtration.

Remove the filter and place in the appropriate dish so that filter adhesion is

avoided. Place in a 103°C to 105°C drying oven overnight then transfer to a

Desiccator for cooling. When sample temperature approaches that of the

balance, weigh all the samples and record the appropriate data.

8. The difference in weight divided by the sample volume introduced is the value

of the total suspended solids.

9. If volatile suspended solids are also desired, immediately introduce the

residual sample and dishes into a muffle furnace for 20 minutes.

10. Initially allow atmospheric cooling. However, as balance temperature

approaches, transfer all samples to a Desiccator for final cooling. Weigh the

cool samples and record the difference in weight. The difference divided by

the sample volume represents the volatile solids fraction of the sample. In
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both test cases, if duplicate samples are used, samples should agree within 5

% of their average.

11. For TSS and VSS analyses, a minimum of triplicate samples should be

processed.
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Appendix H
List of Filenames

Word version 2.0 documents:

MSTHESIS.DOC Complete thesis

Quatropro version 3.01 spreadsheets:

5C-Dats.WQ1 5°C column data sheet (complete)

10C-Dats.WQ1 10°C column data sheet (complete)

21C-Dats.WQ1 21°C column data sheet (complete)

31C-Dats.WQ1 31°C column data sheet (complete)

ITSSVSS.WQ1 TSS &VSS data sheet and computations

REACT.WQ1 Reactor specifications and packing analysis

FEED.WQ1 Feed concentration data sheet and computations

2345TECP.WQ1 2,3,4,5-TeCP Standard curve

234TCP.WQ1 2,3,4-TCP Standard curve

2356TECP.WQ1 2,3,5,6-TeCP Standard curve

235TCP.WQ1 2,3,4-TCP Standard curve

26DCP.WQ1 2,6-DCP Standard curve

345.TCP.WQ1 3,4,5-TCP Standard curve

34DCP.WQ1 3,4-DCP Standard curve
PCP.WQ1 PCP Standard curve

Axum version 3.0 data files:

5C-GRDA.DSF 5°C column data sheet

10C-GRDA.DSF 10°C column data sheet

21C-GRDA.DSF 21°C column data sheet

31C-GRDA.D SF 31°C column data sheet



Axum version 3.0 graph files:

10LATETM.GRF

21EALL.GRF

21PRF1LE. GRF

21PRLATE.GRF

PORT2D21.GRF

PORT2D31.GRF

31EALL.GRF

31PRFELE. GRF

31PRLATE.GRF

5&10EFF.GRF

CONTIME. GRF

10°C late time PCP removal

21°C column port 5 with time

21°C column dechlorination profile @192 hours

21°C column dechlorination profile @ 888 hours

21°C column ports 1,3,5,6 with time

31°C column ports 1,3,5,6 with time

31°C column port 5 with time

31°C column dechlorination profile @192 hours

31°C column dechlorination profile @ 888 hours

5°C and 10°C column effluent, influent, and error bars

PCP concentrations as a function of temperature

82



83

Appendix I

Energetics Calculations

Purpose: To investigate the thermodynamic feasibly of the reductive dechlorination of

PCP by a mixed anaerobic culture and determine its growth and substrate removal rates.

Reactions using PCP as an electron acceptor and hydrogen gas or acetate as an electron

donor will be investigated. A reaction is considered thermodynamically possible when the

Gibbs free energy of the reaction is a negative value. However, this calculation does not

ensure that the reaction will occur.

Method: Using a mathematical model developed by McCarty (1970) a value for the Gibbs

free energy constant AG °(W), growth rate and substrate utilization rate can be estimated.

Standard formation values for compounds were obtained from McCarty (1970) and

Dolfing and Harrison (1992). In the following computations, ammonium is assumed as

the nitrogen source, and acetate as the carbon source. It is far beyond the scope of this

document to illustrate the complete model step by step. Those questioning of the

approach or the method used should consult the original journal publication.

Energy Reaction

Electron acceptor half reaction: IPCP + -1- H+ + e --> 1 2 3 4 5 TeCP +ICr
2 2 2 2

1Electron donor half reaction: I2 ---> 'Iu+ + e

Balanced energy reaction: IPCP+ IH > 1 2,3,4,5 TeCP +1 H+ +1 Cl
2 2 2 2 2 2



Compute AGrxn:

AG =

+-1 Kcal) + 1 ,3U .k 81 4 Kj Kcal-
"4.184Kj 'mol

+-1(-86. 6 Ki )( Kca18l
)

2 mo/ 4.4Kj
+(1.99 cal on( Kcal 1

moK 1000ca1) in( (1E 7)0.5)

-9.670 Kcal
mol

Synthesis Reaction

Nitrogen Source:

Carbon Source:

AG = +1.936 Kcalp mol

AGn =0

AG 7.5 Kcal
mol

Calculations

Compute A:

NH4

CH3COO

AGp
c .

A=
K AGr

AG OA Kcal ,

=

1.936 Kcal
+7.5 Kcal +0

0.60
(-19.94 Kcm a1)(0.60)

A = 0.897 -I
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Yield from "short cut"

20 (113.0g)

m-1 (1+ A)(GMW E.D.)
8

L (113.0g)

m 8 (1 + 0.897)(59.0g)

Growth Rate

'max

'max

Y = 0.404 g cell grown
m g CH3C00 used

113 g cell. grown 2 e for energy
x20 emole g cells day

e for energy

e moles cells

113 g cell grown 2 e for energy
g cells day20 emole

0.897
e for energy

e moles cells

= 12.60
g 2 cells made

max g cells present-day
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Substrate Utilization

km =
Pm

I'm

12.60
g cells- made

g cells presentk =
0.404

g cells grown

g CH3C00 used

g -CH
3
C00 used

km= 31.205 -1g cell present day
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Energy Reaction

Electron acceptor half reaction:

IPCP+ I H± + e -------> 1 2 3 4 5 TeCP + 1 Cr
2 2 2 2

Electron donor half reaction:

1 C H C00 +3 0 ---> 1 CO +-1 HCO + H+ + e8 3 8 2 8 2 8 3

Balanced energy reaction:

1
P C P +

1 C H C00 +3H 0 --->1 2,3,4,5 TeCP + 1 H+ +-1 CI +1CO + 1 HCO
2 8 3 8 2 2 2 2 8 2 8 3

Compute AGm:

AG =

+1(-31.350t_31.350 Kca/\ 1
k
i_

2 ' mol ' 2
+ 110.0 Ki )( Kcal )

mol 4.184Kj i

1(-112.3 Ki )( Kcal )
'

Kcal

mol 4.184Kj

+(1.99 acK l )(298 °K)(
1000ca/)in(

1

"(1E 7)0.5'
)

m°

(6.609 K-1 )
mol

Synthesis Reaction

Nitrogen Source:

Carbon Source:

NH4

CH3COO

AGrxn= 10.62 Kcal .J
mol
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AGp
o

= +1.936 Km Call

AGn =0

AG 7.5 Kcal
C e mol

Calculations

Compute A:

A=

A=

AG?)

E '1

AGn-
Km c ± Km

K AGr

1.936 Kcal
mol + 7.5 Kcal 0

0.60 mol

(-10.62 Kced1)(0.60)
mo/

Yield from "short cut"

[8 (1+ A)(GMW E . D .)

..

-L0 (113.0g)
2Ym = 2

m [ (1+1.04)(59.0g)

20 (113.0g)

A = 1.04 -1

Y = 0.376 g cell grown
m g CH

3
C00- used
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Growth Rate

11
=

max

=
Amax

113 g cell. grown 2 e for energy

20 emole g cells clay

A
e for energy

e moles cells

113 g cell. grown 2 e for energy
g cells day20 emol

1.04
e for energy

e mol cells

Substrate Utilization

k
P

= m
»I

10.86
g cellsmade

km= en

grown
0..376

g CH 3C00 used

g cells madepmax =10.86
g cells. present.day 1

gCH
3
C00 used

km= 28.93 Jg cell. present day
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Steady state cell concentration

Assumptions:

Acetate is the electron donor

Acetate is split to CO2 and CH4

40 mg/1 acetate is consumed over the column length

Reactor is at steady state

From McCarty (1970)

Assume kd = 0.05 d-

CH
3
C00- +0.027C0

2
+0 018/V1/4 ± +0 93H

2
0---+ 0.018C

5
H 702N + 0 96CH

4
+ 0 98HCO-

3

0.018MC
5
H702N x

M CH3C00-

M CH3C00-

59.0 g CH3COO
x

113.0g C5H702N
x

g cells
M C511702N g C511702N

Y = 0.0345 g cell
grown -I

g CH
3
C00- used

Solve for Steady State Cell Concentration X

c-Lx =Yd kdXdt

0 = Y ds k Xdt d

Y
dt = kdX

0. 0345g . cell grown 0. 040g CH 3C00 -used 0. 05
= X

g CH3C00 used 2.day day

X = 13. 8 1211cells
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Column Inoculation Comparison

Initial cell concentration at column inoculation --i.-_- 650
mg Jcellsi

Predicted steady state cell concentration =13.8mfcells J
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Appendix J

Laboratory Data
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Table 12. TSS & VSS Analysis
July 11, 1993

Sample Sample Filter Tare Oven 1 Oven 2 Total Volatile % Ave. % Ave.
I.D. vol. No. wt. wt. Solids Solids TSS VSS

ml g g g mg/1 mg/1
5°C 10.00 3 1.1270 1.1421 1.1358 1510.00 630.00 0.99 2.78

10.00 4 1.1254 1.1412 1.1345 1580.00 670.00 -3.48 -3.36
10.00 5 1.1307 1.1454 1.1390 1470.00 640.00 3.74 1.17
10.00 6 1.1315 1.1469 1.1404 1540.00 650.00 -0.97 -0.38

Ave. 1525.00 647.50

10°C 10.05 7 1.1275 1.1422 1.1360 1462.69 616.92 -3.73 -2.06
10.00 8 1.1257 1.1402 1.1341 1450.00 610.00 -2.88 -0.95
10.00 9 1.1236 1.1372 1.1312 1360.00 600.00 3.54 0.70
10.00 10 1.1231 1.1367 1.1308 1360.00 590.00 3.54 2.41

Ave 1408.17 604.23

21°C 10.00 11 1.1205 1.1359 1.1292 1540.00 670.00 2.34 2.35
10.10 12 1.1229 1.1392 1.1320 1613.86 712.87 -2.35 -3.81
10.00 13 1.1222 1.1385 1.1314 1630.00 710.00 -3.32 -3.42
10.00 14 1.1231 1.1383 1.1318 1520.00 650.00 3.68 5.50

Ave. 1575.97 685.72

31°C 10.00 15 1.1216 1.1378 1.1310 1620.00 680.00 1.72 1.71
10.00 16 1.1162 1.1325 1.1257 1630.00 680.00 1.10 1.71

10.05 17 1.1200 1.1369 1.1299 1681.59 696.52 -2.00 -0.70
10.00 18 1.1146 1.1312 1.1241 1660.00 710.00 -0.73 -2.59

Ave. 1647.90 691.63

T&E
5°C

20.00 1 1.1234 1.155 1.1411 1580.00 695.00 -2.32 -3.48
15.00 2 1.1258 1.1484 1.1387 1506.67 646.67 2.43 3.74

Ave. 1543.33 670.83

Blank 10.00 19 1.1194 1.1201 1.1200 70.00 10.00 -7.14 50.00
10.00 20 1.1228 1.1234 1.1232 60.00 20.00 8.33 -25.00

Ave. 65.00 15.00
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Table 13. Blind Standard "B" Results

Date: July 21, 1993 Gas Chromatograph: HP 5890A #1
Replicate PCP

mg/1

2,3,4,5-TeCP
mg/1

2,3,5,6-TeCP
mg/1

1 14.13 0.859 18.64
2 14.06 0.886 18.25
3 14.51 0.971 18.78

Ave.
Actual

14.23 0.910 18.56
14.1 1.0 18.0

Table 14. Blind Standard "B" Results

Date: August 25, 1993 Gas Chromatograph: HP 5890A #2
Replicate PCP

mg/1

2,3,4,5-TeCP
mg/1

2,3,5,6-TeCP
mg/1

1 13.02 0.697 18.81
2 11.34 0.700 18.78
3 12.65 0.889 17.03
4 12.47 0.745 18.22

Ave.
Actual

12.37 0.760 17.46
14.1 1.0 18.0

Table 15. Blind Standard "B" Results

Date: August 29, 1993 Gas Chromatograph: HP 5890A #2
Replicate PCP

mg/1

2,3,4,5-TeCP
mg/1

2,3,5,6-TeCP
mg/1

1 13.72 0.699 19.67
2 13.90 0.662 18.77
3 14.71 0.706 19.55
4 14.72 0.696 19.47

Ave.
Actual

14.26 0.691 19.36
14.1 1.0 18.0
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Table 16. Column Packing Analysis
July 12, 1993

Column Specifications

Material: Brass
Diameter: 5.4 cm
Length: 30 cm
Volume: 686 ml

Column Reactor
Tare

g

Reactor &
Gravel

g

Reactor &
Gravel

& Water

g

Gravel

Mass

g

Pore

Volume

ml

Porosity

%

Packing

Density

g/cm3

31°C 5205.1 6309.0 6575.5 1103.9 266.5 38.8 2.63
21°C 5204.0 6300.0 6572.0 1096.0 272.0 39.7 2.65

10°C 5201.0 6288.3 6548.0 1087.3 259.7 37.9 2.55
5°C 5202.1 6296.0 6559.0 1093.9 263.0 38.3 2.59

Ave. 265.3 38.7 2.60
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Table 17. 5°C Column PCP Data Sheet

Time Port

Date Sample Elapsed A B C D E F

26-Jul 12:00 pm 0 0.00 0.00 0.20 0.08 0.08 0.11
27-Jul 12:00pm 24 0.82 0.62 1.68 2.76 2.44 8.08
29-Jul 12:00 pm 72 3.01 3.72 2.94 3.60 3.46 4.37
31-Jul 12:00 pm 120 3.61 3.45 3.42 3.41 3.40 4.54
3-Aug 12:00 pm 192 3.19 3.28 3.03 3.69 3.73 3.67
6-Aug 12:00 pm 264 3.27 3.59 3.66 3.72 3.70 3.83
9-Aug 12:00 pm 336 2.64 2.84 2.95 2.97 2.97 3.05
12-Aug 12:00 pm 408 2.72 2.87 2.96 2.91 3.04 2.99
15-Aug 12:00 pm 480 3.27 3.35 3.29 3.22 3.16 3.26
17-Aug 12:00 pm 528 3.45 3.32 3.35 3.37 3.39 3.45
20-Aug 12:00 pm 600 3.52 3.19 3.31 3.20 3.24 3.44
23-Aug 12:00 pm 672 2.56 2.65 2.65 2.65 2.49 2.55
26-Aug 12:00 pm 744 3.06 3.02 3.10 3.17 2.95 3.33
29-Aug 12:00 pm 816 3.04 2.98 3.09 3.02 2.99 3.28
01-Sep 12:00 pm 888 3.55 3.93 3.89 4.15 3.56 4.03

Initial VSS = 170 mg



97

Table 18. 10°C Column PCP Data Sheet

Time Port

Date Sample Elapsed A B C D E F

26-Jul 12:00 pm 0 0.00 0.06 0.00 0.04 0.06 0.00
27-Jul 12:00 pm 24 0.24 0.31 2.45 4.36 4.60 4.83

29-Jul 12:00 pm 72 3.21 2.87 4.22 4.61 4.64 4.52
31-Jul 12:00 pm 120 4.06 4.06 4.09 4.41 3.90 4.59

3-Aug 12:00 pm 192 3.70 3.66 3.73 3.88 3.82 3.95

6-Aug 12:00 pm 264 3.57 3.73 3.72 3.77 3.79 3.65
9-Aug 12:00 pm 336 2.57 2.59 2.72 2.81 2.93 2.79
12-Aug 12:00 pm 408 2.84 2.93 2.98 3.08 3.04 3.14

15-Aug 12:00 pm 480 2.88 3.19 3.11 3.25 3.16 3.32
17-Aug 12:00 pm 528 2.76 3.24 3.23 3.44 3.50 3.68
20-Aug 12:00 pm 600 3.28 3.25 3.34 3.46 3.38 3.46
23-Aug 12:00 pm 672 2.66 2.10 2.33 2.36 2.45 2.81

26-Aug 12:00 pm 744 2.26 2.13 2.34 2.42 2.44 2.66

29-Aug 12:00 pm 816 2.22 2.35 2.31 2.36 2.74 2.91

01-Sep 12:00 pm 888 2.48 2.43 2.51 2.62 3.41 3.58

04-Sep 12:00 pm 960 2.58 2.07 1.75 2.25 2.64 4.70
06-Sep 12:00 pm 1008 2.28 2.23 1.94 2.26 2.90 4.79
07-Sep 12:00 pm 1032 1.71 1.50 1.18 1.96 2.79 5.40

10-Sep 12:00 pm 1104 0.87 0.49 0.59 1.72 3.39 5.40
Initial VSS = 157.0 mg
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Table 19. 10°C Column 2,3,4,5-TeCP Data Sheet

Time Port

Date Sample Elapsed A B C D E F

26-Jul 12:00 pm 0 0.00 0.00 0.00 0.00 0.00 0.00
27-Jul 12:00 pm 24 0.00 0.00 0.00 0.00 0.00 0.00
29-Jul 12:00 pm 72 0.00 0.00 0.00 0.00 0.00 0.00
31-Jul 12:00 pm 120 0.00 0.00 0.00 0.00 0.00 0.00
3-Aug 12:00 pm 192 0.00 0.00 0.00 0.00 0.00 0.00
6-Aug 12:00 pm 264 0.00 0.00 0.00 0.00 0.00 0.00
9-Aug 12:00 pm 336 0.00 0.00 0.00 0.00 0.00 0.00
12-Aug 12:00 pm 408 0.00 0.00 0.00 0.00 0.00 0.00
15-Aug 12:00 pm 480 0.00 0.00 0.00 0.00 0.00 0.00
17-Aug 12:00 pm 528 0.00 0.00 0.00 0.00 0.00 0.00
20-Aug 12:00 pm 600 0.00 0.00 0.00 0.00 0.00 0.00
23-Aug 12:00 pm 672 0.00 0.00 0.00 0.00 0.00 0.00
26-Aug 12:00 pm 744 0.00 0.00 0.00 0.00 0.00 0.00
29-Aug 12:00 pm 816 0.00 0.00 0.00 0.00 0.00 0.00
01-Sep 12:00 pm 888 0.00 0.00 0.00 0.00 0.00 0.00
04-Sep 12:00 pm 960 0.33 0.25 0.27 0.24 0.13 0.00
06-Sep 12:00 pm 1008 0.05 0.40 0.77 0.61 0.20 0.00
07-Sep 12:00 pm 1032 0.54 0.57 0.78 0.45 0.12 0.00
10-Sep 12:00 pm 1104 0.52 0.66 0.77 0.58 0.00 0.00

Initial VSS = 157.0 mg
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Table 20. 21°C Column PCP Data Sheet

Time Port

Date Sample Elapsed A B C D E F

26-Jul 12:00 pm 0 0.00 0.00 0.00 0.00 0.00 0.00
27-Jul 12:00 pm 24 0.18 1.10 1.85 3.71 4.50 4.41
29-Jul 12:00 pm 72 4.41 3.90 4.23 4.28 4.48 4.59
31-Jul 12:00 pm 120 2.96 3.28 1.79 1.70 2.67 4.29
3-Aug 12:00 pm 192 0.00 0.00 0.00 0.00 0.39 3.67
6-Aug 12:00 pm 264 0.00 0.00 0.00 0.00 0.33 3.24
9-Aug 12:00 pm 336 0.00 0.00 0.00 0.03 0.30 2.63
12-Aug 12:00 pm 408 0.00 0.00 0.00 0.20 0.89 2.89
15-Aug 12:00 pm 480 0.00 0.00 0.00 0.29 1.43 3.28
17-Aug 12:00 pm 528 0.00 0.00 0.00 0.11 0.92 3.43
20-Aug 12:00 pm 600 0.00 0.00 0.00 0.25 1.37 3.23
23-Aug 12:00 pm 672 0.00 0.00 0.00 0.27 0.67 2.80
26-Aug 12:00 pm 744 0.78 1.54 1.72 4.23 7.00 10.75
29-Aug 12:00 pm 816 0.26 0.94 1.98 3.51 7.33 14.79
01-Sep 12:00 pm 888 0.58 2.29 3.59 7.84 9.60 15.76
04-Sep 12:00 pm 960 0.00 0.00 0.00 0.12 0.40 4.25
06-Sep 12:00 pm 1008 0.00 0.00 0.00 0.59 0.14 4.40
07-Sep 12:00 pm 1032 0.00 0.00 0.23 0.70 0.70 5.40
10-Sep 12:00 pm 1104 0.00 0.00 0.00 0.30 0.41 4.04

Initial VSS = 186.5 mg
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Table 21. 21°C Column 2,3,4,5-TeCP Data Sheet

Time Port

Date Sample Elapsed A B C D E F

26-Jul 12:00 pm 0 0.00 0.00 0.00 0.00 0.00 0.00
27-Jul 12:00 pm 24 0.00 0.00 0.00 0.00 0.00 0.00
29-Jul 12:00 pm 72 0.00 0.00 0.00 0.00 0.00 0.00
31-Jul 12:00 pm 120 0.21 0.45 0.78 1.21 0.64 0.00
3-Aug 12:00 pm 192 0.00 0.00 0.00 0.00 0.28 0.00
6-Aug 12:00 pm 264 0.00 0.00 0.00 0.00 0.47 0.00
9-Aug 12:00 pm 336 0.00 0.00 0.00 0.23 0.42 0.00
12-Aug 12:00 pm 408 0.00 0.00 0.00 0.36 0.42 0.00
15-Aug 12:00 pm 480 0.00 0.00 0.00 0.61 0.55 0.00
17-Aug 12:00 pm 528 0.00 0.00 0.00 0.55 0.94 0.00
20-Aug 12:00 pm 600 0.00 0.00 0.17 0.85 1.39 0.00
23-Aug 12:00 pm 672 0.00 0.00 0.00 0.00 0.62 0.00
26-Aug 12:00 pm 744 2.35 2.78 2.41 1.70 0.98 0.00
29-Aug 12:00 pm 816 1.87 2.42 2.37 1.92 1.06 0.00
01-Sep 12:00 pm 888 2.96 4.54 3.48 3.10 1.15 0.00
04-Sep 12:00 pm 960 0.00 0.08 0.14 0.11 0.29 0.00
06-Sep 12:00 pm 1008 0.18 0.29 0.13 0.40 0.12 0.00
07-Sep 12:00 pm 1032 2.06 0.24 0.15 0.44 0.15 0.00
10-Sep 12:00 pm 1104 0.00 0.11 0.00 0.25 0.00 0.00

Initial VSS = 186.5 mg
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Table 22. 21°C Column 3,4,5-TCP Data Sheet

Time Port

Date Sample Elapsed A B C D E F

26-Jul 12:00 pm 0 0.00 0.00 0.00 0.00 0.00 0.00
27-Jul 12:00 pm 24 0.00 0.00 0.00 0.00 0.00 0.00
29-Jul 12:00 pm 72 0.00 0.00 0.00 0.00 0.00 0.00
31-Jul 12:00 pm 120 0.00 0.00 0.00 0.64 0.39 0.00
3-Aug 12:00 pm 192 3.60 3.78 3.84 3.52 2.99 0.00
6-Aug 12:00 pm 264 3.69 4.04 3.83 3.67 2.76 0.00
9-Aug 12:00 pm 336 3.86 3.88 3.75 3.07 1.95 0.00
12-Aug 12:00 pm 408 3.57 3.59 3.23 2.32 1.22 0.00
15-Aug 12:00 pm 480 3.66 3.46 3.52 2.19 0.73 0.00
17-Aug 12:00 pm 528 4.23 3.98 3.68 2.56 1.25 0.00
20-Aug 12:00 pm 600 3.90 4.20 3.87 2.28 0.69 0.00
23-Aug 12:00 pm 672 3.80 3.31 3.95 2.17 1.28 0.00
26-Aug 12:00 pm 744 5.21 2.08 2.05 0.60 0.00 0.00
29-Aug 12:00 pm 816 9.93 2.81 3.45 0.00 0.00 0.00
01-Sep 12:00 pm 888 6.20 3.90 2.72 0.00 0.00 0.00
04-Sep 12:00 pm 960 7.45 6.73 6.39 6.39 5.49 0.00
06-Sep 12:00 pm 1008 5.86 4.69 4.97 4.06 5.80 0.00
07-Sep 12:00 pm 1032 5.84 3.11 4.31 2.29 3.09 0.00
10-Sep 12:00 pm 1104 3.84 4.82 4.28 2.13 3.64 0.00

Initial VSS = 186.5 mg
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Table 23. 31°C Column PCP Data Sheet

Time Port

Date Sample Elapsed A B C D E F

26-Jul 12:00 pm 0 0.00 0.00 0.00 0.00 0.00 0.00
27-Jul 12:00 pm 24 0.25 1.65 3.38 3.32 3.30 4.06
29-Jul 12:00 pm 72 1.85 2.60 2.30 2.14 3.15 4.33
31-Jul 12:00 pm 120 0.13 0.21 0.07 0.08 1.44 4.12
3-Aug 12:00_pm 192 0.00 0.00 0.00 0.00 0.53 3.71
6-Aug 12:00 pm 264 0.00 0.00 0.00 0.00 0.50 3.64
9-Aug 12:00 pm 336 0.00 0.00 0.00 0.00 0.84 3.13
12-Aug 12:00 pm 408 0.00 0.00 0.00 0.00 1.08 3.12
15-Aug 12:00 pm 480 0.00 0.00 0.15 0.59 2.78 3.26
17-Aug 12:00pm 528 0.00 0.00 0.00 0.35 1.91 3.07
20-Aug 12:00 pm 600 0.00 0.00 0.00 0.43 2.52 2.85
23-Aug 12:00 pm 672 0.00 0.00 0.00 0.26 0.94 2.35
26-Aug 12:00 pm 744 1.11 1.70 3.62 4.71 7.97 10.81
29-Aug 12:00 pm 816 1.24 2.16 5.47 6.15 8.97 11.52
01-Sep 12:00 pm 888 3.01 4.93 7.80 7.61 10.45 14.72
04-Sep 12:00 pm 960 0.00 0.26 1.04 1.23 2.13 3.48
07-Sep 12:00 pm 1032 0.00 0.32 1.20 2.08 2.77 3.74
10-Sep 12:00 pm 1104 0.10 0.52 1.12 2.09 2.98 4.02

Initial VSS = 182.0 mg
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Table 24. 31°C Column 2,3,4,5-TeCP Data Sheet

Time Port

Date Sample Elapsed A B C D E F

26-Jul 12:00 pm 0 0.00 0.00 0.00 0.00 0.00 0.00
27-Jul 12:00 pm 24 0.00 0.00 0.00 0.00 0.00 0.00
29-Jul 12:00 pm 72 0.49 0.76 1.01 1.10 0.58 0.00
31-Jul 12:00 pm 120 0.49 0.68 0.39 0.59 1.29 0.00
3-Aug 12:00 pm 192 0.00 0.00 0.00 0.00 0.88 0.00
6-Aug 12:00 pm 264 0.00 0.00 0.00 0.12 0.75 0.00
9-Aug 12:00 pm 336 0.00 0.00 0.00 0.00 0.43 0.00

12-Aug 12:00 pm 408 0.00 0.00 0.00 0.00 0.58 0.00
15-Aug 12:00 pm 480 0.00 0.00 0.51 0.68 0.14 0.00
17-Aug 12:00 pm 528 0.13 0.11 0.26 0.71 1.09 0.00
20-Aug 12:00 pm 600 0.00 0.00 0.24 0.80 0.45 0.00
23-Aug 12:00 pm 672 0.00 0.00 0.00 0.31 0.30 0.00
26-Aug 12:00 pm 744 1.36 1.67 1.56 1.23 0.91 0.00
29-Aug 12:00 pm 816 1.94 2.27 1.58 1.13 0.93 0.00
01-Sep 12:00 pm 888 4.33 4.13 3.35 2.15 1.57 0.00
04-Sep 12:00 pm 960 0.64 0.84 0.45 0.29 0.14 0.00
07-Sep 12:00 pm 1032 0.10 0.32 0.41 0.22 0.05 0.00
10-Sep 12:00 pm 1104 0.17 0.29 0.54 0.26 0.09 0.00

Initial VSS = 182.0 mg
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Table 25. 31°C Column 3,4,5-TCP Data Sheet

Time Port

Date Sample Elapsed A B C D E F

26-Jul 12:00 pm 0 0.00 0.00 0.00 0.00 0.00 0.00
27-Jul 12:00 pm 24 0.00 0.00 0.00 0.00 0.00 0.00
29-Jul 12:00 pm 72 0.00 0.00 0.28 0.40 0.00 0.00
31-Jul 12:00pm 120 2.49 2.46 3.14 3.09 0.89 0.00
3-Aug 12:00 pm 192 4.06 4.18 4.05 4.05 1.85 0.00
6-Aug 12:00 pm 264 3.92 4.03 4.01 4.13 2.00 0.00
9-Aug 12:00 pm 336 3.63 3.87 3.89 3.87 1.65 0.00

12-Aug 12:00 pm 408 3.84 3.36 3.83 3.84 1.40 0.00
15-Aug 12:00 pm 480 3.62 3.97 2.63 1.50 0.00 0.00
17-Aug 12:00 pm 528 3.60 3.66 3.20 2.23 0.00 0.00
20-Aug 12:00 pm 600 3.94 4.11 3.80 2.03 1.71 0.00
23-Aug 12:00 pm 672 6.37 7.12 6.33 4.36 0.57 0.00
26-Aug 12:00 pm 744 5.14 2.43 2.63 0.00 0.00 0.00
29-Aug 12:00 pm 816 4.05 2.08 0.00 0.00 0.00 0.00
01-Sep 12:00 pm 888 2.70 2.88 2.15 1.21 0.00 0.00
04-Sep 12:00 pm 960 5.89 3.84 2.81 2.13 2.02 0.00
07-Sep 12:00 pm 1032 4.60 2.55 1.33 0.00 0.00 0.00
10-Sep 12:00 pm 1104 3.22 0.39 0.54 0.26 0.09 0.00

Initial VSS = 182.0 mg




