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EXECUTIVE SUMMARY

The Cooperative Research and Development Agreement was signed between Oak Ridge
National Laboratory (ORNL) and General Electric Company (GE) on August 12, 1991. The
objective was a collaborative venture between researchers at GE and ORNL to develop
bioremediation of polychlorinated biphenyls (PCBs). The work was conducted over three years,
and this report summarizes ORNL's effort. All planned tasks in the Cooperative Research and
Development Agreement (CRADA) were not completed due to technical issues and funding
limitations. A major accomplishment by ORNL, not previously demonstrated, was the utilization
of existing bacterial consortia (obtained from GE) for PCB dechlorination in soils. The work
conducted at ORNL has generated 15 publications and presentations. A significant achievement
was reached by GE when demonstrating the anaerobic PCB dechlorination in a field study. During
this study, it was found that the field study results compared well with results obtained in the
laboratory on a much smaller scale

ORNL research presented in this report focused on laboratory studies in controlled
environments on scales between 100 and 1000 mL. PCB-dechlorinating organisms were
successfully transferred from Hudson River and Woods Pond sediments to a sandy soil
contaminated with PCBs and was the first documented case of this type of transfer. The most
extensive dechlorination (from the meta position) of indigenous PCBs was observed in reactors
amended with pyruvate, maleate, or a complex carbon source. Higher-chlorinated biphenyls
anaerobically dechlorinated to less-chlorinated products were susceptible to acrobic biodegradation
using commercially available bacterial strains. The total concentration of PCBs decreased by 70%
for sequential anaerobic-aerobic treatment compared with a 67% decrease for aerobic treatment
alone. The sequential treatment resulted in PCB products with fewer chlorines and shorter half-

lives 1n humans compared with either anaerobic or aerobic treatment alone.

X



1. INTRODUCTION

Polychlorinated biphenyls (PCBs) are a family of compounds used extensively in many
industrial applications until the mid-1970s. They were produced as complex mixtures by direct
chlorination of biphenyl and were marketed for use in transformers, capacitors, printing ink, paints,
dedusting agents, pesticides, etc. The mixtures were available under various trade names (Aroclor,
Clophen, Kanechlor, Phenoclor, and Pyralene), with associated numbers denoting the average
chlorine content; for example, Aroclor 1242 manufactured by Monsanto contains 42 wt% chlorine.
The discovery of widespread environmental occurrence of these very stable compounds and their
suspected carcinogenic effect in humans led to a ban of the use of PCBs in many countries. Public
concern in the United States resulted in the regulation of PCBs through the Toxic Substances
Control Act (TSCA) in 1976. Even though a ban is in place, PCBs have persisted in the
environment due to their low water solubility, strong adsorption characteristics, negligible
volatilization, and low chemical reactivity. It is estimated that several million pounds have been
released into the environment.'

Although PCBs are often described as inert, acrobic microbial degradation of PCBs is well
known and has been studied extensively. More recently, anaerobic reductive dechlorination of
PCBs by microorganisms has also been studied. A review by Abramowicz summarizes the
research results of both the aerobic and anaerobic bioprocesses.” A complete biodegradation of
PCBs to form nonhazardous end products is complex, and an engineered approach may consist of
three stages: (1) partial dechlorination of the chlorinated biphenyl under anaerobic conditions, (2)
aerobic attack on the biphenyl ring to cause ring cleavage, and (3) mineralization of the resulting
chlorinated benzoic acids to form H;0, CO,, CI', and cell mass. It is believed that the first stage is
rate limiting, and the bulk of current research is directed toward this first stage. Extensive efforts

have been aimed at isolation of a pure culture capable of dechlorinating PCBs.



Anacrobic dechlorination has been observed in many river and pond sediments and has been
proven and repeated in several laboratory settings.” Isolation of dechlorinating organisms is
difficult, and mixed cultures capable of PCB dechlorination found at a specific site tend to lose
their activities when transferred to another matrix void of humic acids.> The treatment period (or
incubation period) is on the order of several months, but methods have been developed to enhance
or induce dechlorination of halogenated aromatics and thus shorten the incubation period. The

4,5.6,7.8

most commonly used methods involve nutrient amendments and addition of specific

8919 The result of sequential anaerobic-aerobic treatment of PCB-

polyhalogenated biphenyls.
contaminated soils has been published by Shannon et al.,'’ but few details about the procedure
were presented. Anaerobic studies with PCB-contaminated soil were performed by Tiedje et al. by
combining non-contaminated sediments (as a source of bacteria and humic acids) and contaminated

soil to form sediment-soil slurries."? In rare cases, anaerobic degradation of the biphenyl ring has

also been reported.>'*'?



2. CRADA
2.1 BACKGROUND AND PURPOSE
The Cooperative Research and Development Agreement (CRADA) was signed between Oak
Ridge National Laboratory (ORNL) and General Electric Company (GE) on August 12, 1991.
The objective was a three-year collaborative venture between researchers at GE and ORNL to
develop a workable bioremediation strategy for removing PCBs from the environment. The desired
result was to demonstrate successful bioremediation of PCB-contaminated material in the

laboratory and in the field (PCB sediments, GE; PCB soil, ORNL).

2.2 TASK BREAKDOWN IN CRADA AND RESULT SUMMARY

The CRADA task breakdown is listed below in an abbreviated form, together with the result
achieved in each task.

Phase I, Task 1. Comparison of PCB-degrading cultures developed at ORNL with bacteria
present in Hudson River sediments, as investigated by GE. This task was a GE effort.

Results. The consortium developed by ORNL, named ORNL ES-3, was determined by GE
not to be a PCB-dechlorinating culture.

Phase 1, Task 2. Isolation and characterization of PCB-degrading microorganisms studied by
ORNL and GE. This task was a GE and ORNL effort.

Results. Isolation of dechlorinating organisms could not be accomplished by GE or ORNL.
Effects of various nutrient amendments on enhancing the microorganisms’ dechlorinating activity
in soils and sediment slurries were investigated by both research groups, with results comparing
well.  Efforts outside of the CRADA, focused on the isolation of PCB-dechlorinating

microorganisms, have also been unsuccessful.



Phase I, Task 3. Application of existing bacterial consortia for remediation of PCB-
contaminated solid matrices (other than aquatic sediments). This task was a ORNL effort.

Results. ORNL was able to utilize existing bacterial consortia (obtained from GE) for PCB
dechlorination in soils. This was a major accomplishment that had not been previously
demonstrated.

Phase I1, Task 1. Extension of bioremediation to various GE and DOE sites. Investigation
of the effect of radioactivity (ORNL effort) and organic content/PCB concentration (GE effort) on
the dechlorination.

Results. ORNL could not complete the studies within the time frame of the CRADA. GE
published an article on the effect of PCB concentration and other factors on dechlorination.'®* GE’s
work investigated a broad range of conditions to accelerate PCB dechlorination in Hudson River
sediments. Although some additives (e.g., specific metals or complex nutrients) offered minor rate
enhancements (about two times), the greatest effect on PCB dechlorination rate was observed from
variable PCB concentration. A linear through-zero response with PCB concentration was observed
up to a maximal constant rate (Appendix C).

Phase 11, Task 2. Optimization of anaerobic bioreactor design for remediation. This was an
ORNL effort.

Results. Anaerobic dechlorination was enhanced in anaerobic soil slurry reactors by the
addition of a carbon source. Advanced bioreactor design (stirred tanks) did not support anaerobic
dechlorination; stationary reactors produced reproducible results.

Phase II, Task 3. Development of molecular biology techniques for tracking microbial
genotypes. This task was an ORNL effort.

Results. Since organisms could not be isolated or identified by either research group, no

progress could be made on this task.



Phase 111, Task 1. Implementation of in situ field demonstration of PCB dechlorination at a
DOE (soil) and GE (sediment) site.

Results. GE has performed a demonstration of PCB bioremediation in the Hudson Ruver,
N.Y., and in Woods Pond, Mass. The results of the GE field test have been published
(Appendix D).  Preliminary laboratory studies demonstrated that the addition of 2,6-
dibromobiphenyl (26-BB) to Woods Pond sediments stimulated the extensive mefa dechlorination
of the background Aroclor 1260 contamination and complete otho debromination of the added
26-BB within approximately six months. In the spring of 1992, GE added 26-BB directly to
Woods Pond sediments contained within a caisson in situ. Identical results (meta dechlorination
and ortho debromination) were observed within approximately one year. The decreased reaction
ratec was the result of lower environmental temperatures, as predicted by isothermal laboratory
experiments. ORNL was not able to complete a demonstration within the time frame of the
CRADA. A demonstration at ORNL was planned in 1995 and 1996 but was canceled due to lack

of funding.

2.3 BENEFITS

The work conducted under the CRADA between GE and ORNL generated new information
and expanded knowledge about bioremediation of PCBs. ORNL’s efforts resulted in the first
documented case where Hudson River organisms were transferred from their native sediment to a
soil matrix without the addition of river sediments.®'” ORNL’s research efforts have génerated 15
publications and  presentations related to PCBs since initiation of the
CRAD A.B, 15,17,18,19,20,21,22,23,24,25,26,27,

%2 GE’s efforts yielded multiple publications and presentations

detailing the correlation between laboratory and field data.



3. TECHNICAL DISCUSSION
3.1 BACKGROUND

ORNL’s efforts in the experimental portion of the project were divided into three phases. In
the first phase, the focus was a screening study to evaluate various culture conditions using
existing bacterial consortia for remediation of PCB-contaminated solid matrices (other than aquatic
sediments). The second phase concentrated on scale-up and improvements of the best conditions
found during Phase 1. If the results from Phases I and II so warranted, a field experiment was to
be conducted in Phase Il on a DOE site. The three phases are described in more detail below,
including experimental procedures and design.

Phase I—Bench-scale tests to identify favorable conditions for dechlorination in soils.
Observation of many sediment sites contaminated with PCBs has shown dechlorination to be a
natural and widespread process.” Laboratory and field studies have been directed toward the
enhancement and induction of dechlorination in PCB-contaminated sediments. However, activities
may be heterogeneous and every site is (apparently) different. Conditions that may work for one
site are not guaranteed to work for another site, but certain conditions generally do exist under
which dechlorination of PCB-contaminated soils is likely to occur. A range of such conditions was
the starting point for ORNL's bench-scale tests.

Phase I1—Scale-up for a field experiment at ORNL. In preparation for a field experiment,
a series of experiments were conducted on a smaller scale in the laboratory under conditions that
mimicked conditions anticipated in the field experiment. These experiments were included to allow
for simple bioreactor design and verification of, improvements on, or further studies of the
operating conditions. The bioreactor design studies were conducted in larger (1-L) stirred-tank

reactors with appropriate sterile controls, and improvement studies were conducted on a smaller



(100-mL) scale. One objective for these smaller-scale studies was to establish additional nutrient
requirements for optimal microbial dechlorination in PCB-contaminated soil from ORNL.

Phase III—Field experiment. The previously described efforts (Phases I and II) were
expected to lead to a technology applicable to a field experiment that would be performed on a

DOE site.

3.2 EXPERIMENT DESIGN
3.2.1 Screening Experiments

Initial screening explored a number of factors that had been found to be important to
microbial dechlorination by investigators at GE and elsewhere. These factors are listed in Table 1
with an "Importance Ranking." Ranking was based on importance of a factor to induce, enhance,

or inhibit dechlorination and were partially subjective.

Table 1. Ranking of various experimental conditions

Importance ranking Factor type Specific factor

1 Inoculum Woods Pond sediment
Hudson River sediment

4 Heat treatment 80°C, 30 min

2 Single congener 2,6-dibromobiphenyl (26-BB)

as "inducer" 2,3,6-trichlorobiphenyl (236-CB)

2,4, 6-trichlorobiphenyl (246-CB)

5 Reductant Cysteine-HCI, Na,S

3 Carbon source Organic acids or a complex carbon
source (e.g., Tryptone, Peptone, etc.)

6 Macro nutrients Mineral solution

7 Micro nutrients Trace metals

Not ranked Temperature (constant) Room temperature, 25°C

Not ranked pH (initially adjusted) pH 6.0-7.0




To limit the number of experiments, it was decided that only factors with a ranking of four or

above would be studied. All other factor groups with a low ranking were lumped together as one.

Thus, there were ten variables to study. Rather than using a complete 210 factorial experiment

(1024 separate experiments), the following reduction was made.

1.

Only one sediment was tested as an inoculum, chosen based on the type of Aroclor
contamination in the soil. Hudson River sediment would be used for soil contaminated with
Aroclor 1242. Woods Pond sediment would to be used for all other types of contamination.
This subdivision is rationale based on published studies by Quensen and coworkers
demonstrating that Hudson River microorganisms displayed the fastest dechlorination activities
with Aroclor 1242 contaminated material, and that sediment organisms (obtained from
sediments contaminated with Aroclor 1260) displayed the most rapid dechlorination of highly
chiorinated PCBs. *

No experiments with mixtures of single congeners were conducted.

No experiments with a combination of carbon sources were conducted.

Macro and micro nutrients were added in all initial screening experiments, and the pH and
temperature were held constant for all reactors.

This reduced the number of initial experiments to 64. These experiments were started over a

period of two weeks, with eight experiments per day, four days per week. After the two-weck

start-up period, each bottle was sampled periodically.

3.2.2 Verification and Enhancement Experiments

The effects of several variables were studied in the screening study (Sect. 3.2.1). The best

dechlorination activity was obtained under anaerobic conditions using a well-defined inorganic

minerals-and-metals medium amended with acetone and either maleic acid, pyruvic acid, or a



complex nutrient source. For the verification studies, several conditions were studied on a small
scale to duplicate previous studies and to further optimize conditions for dechlorination. Some of
these conditions included the use of soil with lower PCB contamination levels, the use of surfactant
to enhance bioavailability, the use of alternate inoculum source (from Woods Pond), the use of

chemical reducing agents, and the use of alternate carbon sources.

3.2.3 Reactor Design

The focus of the large-scale study was sequential anaerobic and aerobic degradation of PCBs
in contaminated soil. Five continuously stirred fermenters were used in the study, and each
fermenter contained approximately 200 g of contaminated soil and 800 mL of medium, with
acetone and maleic acid as carbon sources (Sect. 3.2.2). All reactors were inoculated with
microorganisms eluted from Hudson River sediments. One of the fermenters served as a sterile
control, which was steam sterilized at 121°C twice for 1 h, 24 h apart. The remaining four
fermenters were identical. After the end of the anaerobic treatment period, microorganisms
capable of aerobically degrading PCBs were to be added together with biphenyl (as a carbon
source), and the fermenters were to be sparged with sterile air for the remaining aerobic treatment

period. (This aerobic treatment were not performed in the final study for the large reactors.)

3.2.4 Mixed Waste Studies

The most promising environmental conditions were studied in eight 100-mL and three 1-L
slurry reactors. In the smaller reactors, maleic acid (1.1 g/L) was used as a carbon source; 26-BB,
236-CB, or 246-CB congeners were used as dechlorination inducers; and both inocula from the
Hudson River and Woods Pond were tested. The larger reactors contained maleic acid as a carbon

source and were inoculated with organisms from Hudson River, Woods Pond, or were left



uninoculated. The contaminated soil used in these studies came from a contaminated site at the

White Wing Scrap Yard on the Oak Ridge Reservation.”

3.2.5 Sequential Anaerobic-Aerobic Studies

Aerobic studies were not directly in the scope of the CRADA; however, aerobic studies were
conducted as a second stage for some previously anaerobic reactors to investigate the benefit of
engineered systems. The aerobic culture used was obtained from GE with cultivation instructions,
and the two reactors that had shown the most dechlorination activity during the initial screening
study were selected for the test. Two other reactors that had the same media composition but had
not shown dechlorination activity while anaerobic were used as controls. The four reactors were
inoculated with the aerobic culture; the difference during the aerobic phase then provided direct

evaluation of the contrast between sequential anaerobic-aerobic and aerobic alone.

3.3 MATERIALS AND METHODS
3.3.1 Soil Collection

PCB-contaminated soil and interface material (sandy layer between gravel and soil) were
collected from a capacitor bank at a power substation located in Chattanooga, Tenn. Over timc,
PCBs were released through spills in and around these capacitors. A mixture of soil and interface
was collected in January 1993. The soil was analyzed and found to have the following
characteristics: 26.1% clay, 24.7% sand, 49.2% silt, 0.86% organic carbon, 0.08% total nitrogen,
and a pH of 8.1. The interface was found to have 0.4% organic carbon, 0.018% total nitrogen,
and a pH of 8.55. Collected soil/interface was combined with sterile water (equal volumes), and

the slurry was ball milled antiseptically and anaerobically for 4 h to ensure homogeneity. The PCB

10



concentration was approximately 100 mg/kg in dry soil, and historic documentation indicated that
the PCB mixtures spilled at the site were Aroclor 1242 *

Soil with PCB and radioactive contamination was collected from Waste Area Grouping 11 at
ORNL. The soil was a red clay, typical of the area, and was contaminated with Aroclor 1254 at
concentrations greater than 6000 mg/kg dry soil; since this was considered high, the contaminated
soil was combined (1:10) with an uncontaminated soil from a adjacent location. Radioactive
components identified in the soil were cesium ("*'Ce), potassium (“K), uranium **'U, U, and
7%U), and thorium (Z*Th, ®*Th, and **Th) at gross alpha and beta contamination levels of 1800
Bq/kg and 2000 Bq/kg, respectively, after combination with the uncontaminated soil, and the soil

was used without milling.

3.3.2 Soil Slurry Reactor Study

Anaerobic batch incubations were prepared under a nitrogen environment in 150-mL nominal-
volume serum bottles (Wheaton Scientific, Millville, N.J.), and the bottles were capped with
Teflon-lined caps (The West Co., Phoenixville, Pa.) and aluminum crimp-seals (Wheaton).

The final concentrations of nutrients in the anaerobic bioreactors were (per liter): 200 g soil,
various amounts of carbon source [1.14 g maleic acid, 1.09 g pyruvic acid (sodium salt), or 0.33 g
yeast extract and 0.66 g nutrient broth], 2.3 g acetone, 1.2 g NaHCOs, 525 mg NH,CI, 100 mg
MgCl'6H,0, 75 mg CaCl,, 35mg K,HPO,, 27 mg KH,PO, 215 mg FeCl,-4H,0, 300 pg
H;BO;, 200 pg CoCly:6H,0, 100 ug ZnSO,7H,0, 30 ug MnCl,-4H,0, 30 pg Na,Mo0O,42H,0,
20 pg NiCl,'6H0, 10 pg CuCl-H,0, 10 pg Na,Se0s, and 1 mg resazurin. The final pH of the
slurry was 6.5 to 7.5, and the reactors were incubated at room temperature.

During the aerobic phase, previously anaerobic reactors were exposed to air and

supplemented with additional nutrients (1.5 g biphenyl, 2.1 g NH,Cl, 4.4 g K,HPO,, and 1.7 g
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KH,PO, per liter slurry). The reactors were placed on an orbital shaker (200 rpm) at room

temperature and exposed to air as needed (indicated by resazurin color change).

3.3.3 Inocula
Naturally occurring organisms present in Hudson River sediments have been shown to be

3 The anaerobic inoculum

responsible for extensive dechlorination of PCBs in that environment.
was prepared from equal volumes of dewatered sediments and mineral medium. The slurry was
mixed for 1 h followed by a 15-min settling time. The supernatant was removed and filtered
through cotton fiber before use. One reactor was inoculated with a medium containing organisms
present in Hudson River sediments, and the other reactor was left uninoculated but otherwisc
identical. The aerobic culture [Pseudomonas sp. LB400 (NRRL-18064)] was supplied by GE and

maintained on the medium used in the aerobic studies (Sect. 3.3.2). The seed culture was grown

for two weeks prior to use.

3.3.4 Sampling and PCB Analysis

One milliliter of slurry was removed at each sampling time and was combined with 1 mL of
acetone and 4 mL of hexane, shaken for 4 h, and centrifuged at 1000 rpm for 5 min. One milliliter
of the organic phase was combined with 0.1 mL internal standard (octachloronaphthalenc in
hexane), and 1 pL of the mixture was injected into a gas chromatograph (GC) [Hewlett-Packard,
Avondale, Pa.] equipped with an electron capture detector and a 30-m x 0.247-mm DB-1 (0.25-um
film thickness) capillary column (J&W Scientific, Folsom, Calif.). The splitless/split injector
temperature was 270°C, and the detector temperature was 300°C. Initial oven temperature was
kept at 40°C for 2 min, after which two temperature ramps (20°C/min to 160°C and 5°C/min

thereafter) were used to increase oven temperature to 270°C. Calibration was performed using an
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Aroclor (Ultra Scientific, North Kingstown, R.I.) mixture of 70 wt% Aroclor 1242, 20 wt%
Aroclor 1254, and 10 wt% Aroclor 1260 in hexane. The PCB congener composition of the
Aroclors needed for calibration was supplied by Dr. Abramowicz (General Electric, Schenectady,
N.Y.), and similar data have been published elsewhere.** Data analysis using Hewlett-Packard
Chemstation software was conducted on 68 congener-containing peaks. Peak identification has
previously been published by Brown et al.** ** Extracted soil was dried at 80°C for 20 h to
determine the dry soil weight of each sample.

The number of mono-, di-, tri-, etc., chlorobiphenyls was calculated based on the known PCB
congener composition in the standards and peak identification mentioned above. In addition to
homolog calculations, the expected half-life in humans of the PCB congeners was calculated based
on data compiled by Brown et al.*> Whenever the average chlorine content per biphenyl was
estimated in samples with an inducer (26-BB, 236-CB, or 246-CB), the “inducer peak” and peaks
resulting from products of inducer dehalogenation were eliminated from calculations. The GC
method is listed in Appendix A, and the resources used for peak identification and calculations

have been compiled in Appendix B. Appendix B also lists toxicity data for PCB congeners as

described by Safe.*

3.3.5 Data Quality Assurance
Duplicate samples were taken at each sampling period from 5 to 10% of the reactors. In
addition, duplicate samples were injected into the GC at a frequency of 5 to 10% of all samples

injected.
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3.4 RESULTS
3.4.1 Initial Screening Studies

Sixty-four slurry reactor experiments (each under different conditions) were conducted, and
the following variables were studied:

Inoculum. Half the bioreactors were inoculated with a consortium of organisms eluted from
Hudson River sediments to investigate the possibility of using exogenous organisms.

Carbon Source Addition. All reactors had acetone in the medium; two-thirds of the reactors
also received pyruvic acid, maleic acid, or a complex nutrient mixture.

Heat Treatment. Half the bioreactors were heat treated by placing them in an oven
maintained at a temperature of 80°C for 45 min.

Single Congener Addition. Three halogenated biphenyls were used as inducers in this study:
2,3,6- trichlorobiphenyl (236-CB), 2,4,6-trichlorobipheny! (246-CB), and 2,6-dibromobiphenyl
(26-BB), which were added to levels of approximately 150 mg/kg dry soil.

Sampling was conducted at start-up and then after 3, 7, 11, 15, 23, and 45 wecks of
incubation. A typical GC chromatogram of a sample taken at start-up is shown in Fig. 1. For
reference, GC chromatograms of standard Aroclor 1242 and 1254 are shown in Figs. 2 and 3. The
initial material had a peak pattern intermediate between Aroclor 1242 and Aroclor 1254; although
the material does not appear to be a mixture of these Aroclors. Rather, the material appeared
similar to Aroclor 1242 that has been weathered due to partial evaporation. A representative GC
chromatogram of a sample taken after 15 weeks of anaerobic incubation of a reactor in which
dechlorination was evident is shown in Fig. 4. When comparing chromatograms in Fig. 1 with Fig.
4, it is clear that a shift in peak profiles has occurred. For rapid quantitative comparisons between
a large number of reactors, the average number of chlorines per biphenyl was used as a marker of

dechlorination. Overall results of analyses are summarized as the chlorine content per biphenyl of
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the PCBs in each reactor in Figs. 5 to 12. Each figure contains results from eight bioreactor
experiments. All eight bioreactor experiments listed in the same graph were conducted with the
same carbon source and the same inoculum (or lack thereof). The different bioreactors listed in
each graph received various halogenated biphenyls (as single congeners) and different heat
treatment (see title of Fig. 5).

Several conclusions may be drawn based on the results presented in Figs. 5 to 12 regarding
the extent of dechlorination and the effect of various amendments on the microbial dechlorination
activity. Overall, dechlorination activity was observed in about 30% of the bioreactors. (No
activity was observed in any of the uninoculated systems.) The best results were obtained in
inoculated reactors amended with maleate, pyruvate, or a rich nutrient mixture (data A in Figs. 10,
11, and 12) where the average chlorine contents decreased from about 4.3 to around 3.5, after 15
to 23 weeks of incubation. No inducers were required to obtain the most extensive dechlorination.
Attempts to add additional nutrients or microorganisms after the 23-week period did not induce
further dechlorination, and the average chlorine content remained the same until reactors were shut

down after 45 weeks.
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Fig. 1. Typical GC peak profile of sample taken at start-up.
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Fig. 2. GC peak profile of an Aroclor 1242 standard.



| N

12 16 20 24 28
GC Retention Time (min)

Fig. 3. GC peak profile of an Aroclor 1254 standard.
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Fig. 4. GC peak profile in sample taken after 15 weeks of anaerobic
incubation of a reactor inoculated with bacteria from Hudson River.
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Fig. 11. Average PCB chlorine content in eight (A through H) inoculated
reactors amended with pyruvate and acetone as carbon sources.
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sources.
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Effect of Inoculum. Indigenous microorganisms (uninoculated reactors) did not show any
dechlorinating activity over the 45-week study (Figs. 5-8). The addition of organisms from
Hudson River sediments caused PCB dechlorination in 20 of the 32 inoculated bioreactors.

Effect of Carbon Source. The addition of a carbon source beyond acetone resulted in
improved dechlorination. Improvements were noted using maleic acid, pyruvic acid, or the
complex nutrient mixture as the second carbon source (acetone being the first).

Effect of Heat Treatment. For the most part, heat treatment appeared to inhibit
dechlorination (compare data in Figs. 10B, 10F, 11B, 11F, and 12B with 10A, 10E, 11A, 11E,
and 12A, respectively). In one case, clear improvement in rate was observed in the heat-treated
reactor (compare Fig. 9B with 9A), although the untreated reactor displayed more extensive
dechlorination. This was not expected since the use of mild heat treatment has previously been
used to selectively enrich for PCB-dechlorinating microorganisms in river sediments.”’

Effect of Single Congener Addition. The addition of 26-BB inhibited dechlorination and
debromination. Dechlorination activity was generally induced faster in reactors amended with
236-CB, and activity was seen in as little as 3 weeks (see data for experiments G and H in Figs. 11
and 12). However the extent of dechlorination was greater in reactors not receiving a single
congener (sec data for experiment A in Figs. 10, 11, and 12). It should be noted that direct
comparisons between results from reactors amended with single congeners and results from non-
amended reactors cannot be made since the addition of a single congener will cause the chlorine

content to be overestimated in the calculations.

3.4.2 Verification and Enhancement Studies
The best dechlorination activity in the screening study (see Sect. 3.4.1) was obtained under

anaerobic conditions using a simple inorganic minerals-and-metals medium amended with an
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inoculum, acetone, and either maleic acid, pyruvic acid, or a complex nutrient mixture. For the
verification studies, several conditions were studied on a small scale to duplicate previous studies
and to further optimize the conditions for dechlorination. Some of these conditions included the
following.

Various Soil Samples. Several soil samples with the same soil characteristics but varying
PCB levels were collected from the same general area. During PCB analyses of the samples, it
was found that PCB level and congener (GC peak) pattern varied from sample to sample. The
different soil samples were inoculated under the best conditions found in the screening studies, and
uninoculated blanks were used to determine the presence of existing dechlorinating organisms. The
PCB concentration in these samples varied from 21 to 42 mg/kg, and the average chlorine per
biphenyl content was 4.0 to 4 4.

Inoculum Source. Historic records had indicated that Aroclor 1242 spills around capacitors
were responsible for soil contamination. However, comparisons between analyses of soil samples
and Aroclor standards indicated that the PCB profile in the contaminated soil was quite different
from the typical Aroclor 1242 profile (compare Figs. 1 and 2); the average chlorine content was
higher than expected (similar to weathered Aroclor 1242 or Aroclor 1248). Thus, it was decided to
conduct experiments with a bacterial consortium from Woods Pond, a shallow lake exposed to
Aroclor 1260 (which has a higher chlorine content than Aroclor 1242).

Alternate Carbon Source. In the ORNL studies, maleic acid (HOCOCH=CHCOOH) was
used successfully to induce dechlorination. Similarly, malic acid (HOCOCH,CHOHCOOH) has
been used by GE and others to achieve the same induction. In a limited study, the two organic

acids were compared.
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Chemical Reducing Agents. Since the anaerobic dechlorination is a reductive process, the
chemical reducing agents Na,S and cysteine-HCl were added to investigate the possibility of
enhancing the reductive process.

Surfactant Addition. A biodegradable surfactant (Witconol SN70 from Witco Chemical
Corp., Houston, Tx.) was tested. This surfactant has successfully been used in soil washing
studies.***

Vitamins. A vitamin solution was added at two different levels to promote growth and add
potential enzymatic cofactors. The vitamin solution consisted of (per liter)® 20 mg biotin, 20 mg
folic acid, 10 mg pyridoxal-HCI, 60 mg lipoic acid, 50 mg riboflavin, 50 mg thiamine-HCI, 50 mg
Ca-d-pantothenate, 50 mg cyanocobalamin, 50 mg p-aminobenzoic acid, and 50 mg nicotinic acid,
and the solution was added at levels of 5 to 10 mL per liter of prepared medium. Vitamin B, has
been found to catalyze the reduction of pentachlorobiphenyl in a chemical system.*'

Samples from these reactors were collected on a routine basis and the results are shown in
Figs. 13 to 16 in which the average number of chlorines per biphenyl has been plotted as a function
of incubation time for the various condition studied. The initial PCB contamination levels in the
different soils collected varied between 21 and 42 mg/kg, with an average number of chlorines per
biphenyls of 4.0 to 4.4. It is possible that the difference in the average number of chlorines per
biphenyl was due to differences in rates of evaporation over time. As noted in Fig. 13,
dechlorination was only observed in the reactors inoculated with organisms eluted from Hudson
River sediments, indicating that indigenous dechlorinating organisms were not present in any of the
soils. A long lag preceded dechlorination, but eventually the extent to which dechlorination
occurred was similar to that observed as in the previous screening studies (compare results in Figs.

13B, 13D, 13F, and 12A).
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It was found that neither the alternate carbon source (malic acid) or the alternate inoculum
(Woods Pond) changed the dechlorination pattern substantially; the best combination for this
specific soil was the use of Hudson River sediment organisms in maleic acid-amended medium
(Fig. 14). As seen in Fig. 15, low or high levels (160 mg/L or 500 mg/L) of the reducing agent
cysteine-HCI or low levels of Na,S did not influence the dechlorination, but the higher levels of
Na,S inhibited the dechlorination slightly. The addition of a vitamin solution to the medium
showed a similar result, as the highest vitamin concentration inhibited the dechlorination slightly
(Fig. 16). The results of studies with surfactant-amended medium are shown in Fig. 17. The
addition of a surfactant did not increase the apparent rate or extent of dechlorination. In fact, the
highest surfactant concentration used (0.1 g/L) inhibited dechlorination over the 40-week study.
The surfactant concentration in solution was well below the critical micelle concentration for the

surfactant.

3.4.3 Bioreactor Design

Samples were taken of the five 1-L stirred-tank bioreactors over a total of 52 weeks. No
evidence of bacterial dechlorination was noted at any time. The pH was monitored and also
remained the same at 6.5 to 7.0. Several small bioreactors were conducted for enhancement
studies (Sect. 3.4.2) before and after the 1-L bioreactors were started. Essentially all the small
bioreactors (that were not continuously agitated) became anaerobic and showed sign of
dechlorination (data not shown). Thus, it can only be concluded that the stirring, with possible
entrapment of oxygen, had an inhibitory effect on anaerobic dechlorination activity. This effect

has also been observed by other investigators.*
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Fig. 13. Average PCB chlorine content in reactors with various soils
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3.4.4 Mixed Waste Studies

Laboratory studies with PCB-contaminated soil from Waste Area Group 11 at the Oak Ridge
site was performed in three 1-L continuously stirred batch reactors and in eight 100-mL stationary
reactors. As previously mentioned (Sect. 3.2.4), maleic acid (1.1 g/L) was used as a carbon source
in the smaller reactors; 26-BB, 236-CB, or 246-CB congeners were used as dechlorination
inducers; and both inocula from the Hudson River and Woods Pond were tested. The larger
reactors contained maleic acid as a carbon source and were inoculated with organisms from
Hudson River, Woods Pond, or were left uninoculated.

A typical GC chromatogram taken at start-up is shown in Fig. 18. The PCB Aroclor present
in the sample was essentially Aroclor 1254 (compare Fig. 18 with Fig. 3) at approximately 1000

mg/kg. The three 1-L reactors were sampled monthly and allowed to incubate under anaerobic
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conditions for up 61 weeks. No dechlorination was observed in any of the reactors. This
conclusion was drawn by comparing GC chromatograms from samples taken after 61 weeks of
incubation with original sample results (compare Figs. 18 and 19). The smaller reactors were

incubated for 50 weeks without noticeable dechlorination (data not shown).

N

12 16 20 24 28
GC Retention Time (min)

Fig. 18. GC peak profile of sample taken at start-up of reactors with
WAG 11 soil. (Aroclor 1254 at 1000 mg/kg)

3.4.5 Sequential Anaerobic Aerobic Studies

The anaerobic incubation period (45 weeks total) of inoculated and uninoculated microcosms
was followed by inoculation with Pseudomonas sp. LB400 and aerobic incubation for an
additional 19 weeks. The reactors studied contained either pyruvate or the complex carbon source
(described in Sect. 3.3.2). In Fig. 20, the GC peak profile is displayed for the sequential treatment
and for aerobic treatment alone. Figure 20B shows the peak profile after 19 weeks of anaerobic

incubation of an inoculated reactor. Even though the anaerobic reactors were maintained for 45
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weeks, all anaerobic activity was observed during the first 15 to 19 weeks. Results from analyscs
during the aerobic incubation indicate a substantial decrease in peak sizes below a 24-min GC
retention time and the sizes of peaks occurring after 24 min remaining the same (scc
chromatograms in Figs. 20C and 20D). No evaporation was noted in sterile microcosms conducted
in parallel and vented to the atmosphere in a similar fashion (data not shown). The decrcase of
individual peak sizes during this aerobic phase (Fig. 20C) is similar to that reported by Shannon et
al. by a proprietary organism."' The decrease in peak sizes in Fig. 20D is similar to that reported
by Bedard et al. for Alcaligenes eutrophus H850 (NRRL 15940).* The superior ability of
Pseudomonas sp. LB400 to aerobically degrade PCBs in mixtures in the presence of biphenyl has

been documented by Bedard et al.*
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Fig. 19. GC profile in sample taken after 61 weeks of incubation of WAG 11 soil.
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incubation period
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C GC profile after anaerobic and
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Fig. 20. Anaerobic and aerobic biodegradation of PCBs.
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3.4.6 Data Quality Asgurance

A total of 110 duplicate samples was collected from various reactors during the study. Thesc
samples were subjected to the same sample preparation and analytical procedures as the original
samples. The pooled standard deviation* of PCB concentration and average number chlorines per
biphenyl were 11 mg/kg and 0.02, respectively. This indicated that sample reproducibility was
extremely good.

In addition, an instrument reproducibility test was also performed by duplicate injection of the
same sample into the GC of 110 samples. The pooled standard deviation in this case was 4 mg/kg
and 0.02 for the PCB concentration and the average number of chlorines per biphenyl, respectively.

The PCB concentration in the samples subjected to data quality assurance ranged from 14 to

1300 mg/kg, and the average number of chlorines per bipheny! ranged from 3 to 4.6.

3.5 DISCUSSIONS

The collected soil did not contain indigenous bacteria capable of dechlorinating weathered or
freshly added PCBs under the conditions of these experiments. Activity was only observed when
organisms from a known “active” site (Hudson River or Woods Pond) were added to the reactors.
Only a few variables were consistently found to inhibit dechlorination in the systems studied.
These were addition of 26-BB and Witconol SN70 (a surfactant) at 0.1 g/L. To some extent,
sodium sulfide at 500 mg/L, elevated levels of vitamins, and mild heat treatment at 80°C for 45
min were inhibitory to dechlorination. In 1-L bioreactor studies or in studies with Oak Ridge soil,
dechlorination was never observed; it is speculated that the continuous agitation caused oxygen to
dissolve into the broth and inhibit the anaerobic bacteria. The slight inhibition of dechlorination of

PCBs has also been documented in sediment slurry reactors by Abramowicz et al.'¢
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Dechlorination in all of the active reactors followed a traditional meta dechlorination, which
commenced after a lag of as few as 3 weeks to as many as 20 weeks. In all cases, the lowest
average chlorine content was 3.5 to 3.6 chlorines per biphenyl. Attempts to prolong or “restart”
dechlorination (by addition of extra nutrients or consortium) failed, indicating that the bactenal
consortium was limited to dechlorinate only a few very selective chlorine substitution patterns. To
illustrate the typical dechlorination pattern, the chromatograms presented in Figs. 1 and 4 have
been combined into Fig. 21. The numbers above the peaks are the assigned ORNL peak numbers.
Based on these chromatographic results, Fig. 22 was created. In this figure, the mole percent of
the congeners in GC peaks has been plotted in a histogram for the initial sample (Fig. 22A) and the
15-week sample (Fig. 22B). The mole percent change is shown in Fig. 22C where bars have been
labeled with the major congener names. The major products of the dechlorination were congeners
24-24, 24-26, 24-4, 26-4, 24-2, 2-4, and 2-2. This chlorination pattern is consistent with pattern

M described by Brown and observed by Quensen et al.,*

which is generally associated with meta
dechlorination of Aroclor 1242, yielding mostly para- and ortho-substituted congeners. The
dechlorination by pattern M of the weathered Aroclor 1248 in our study was not seen in the
Quensen study where dechlorination of virgin Aroclor 1248 by Hudson River organisms in river
sediment spiked with the Aroclor followed a pattern C (para and meta removal).

In the initial screening studies, single congeners (236-CB and 246-CB) were added as an
attempt to induce a particular dechlorination. For example, 236-CB should induce meta
dechlorination and 246-CB should induce para dechlorination. It was found that the addition of
either of these congeners resulted in meta dechlorination, while the ortho and para chlorine
numbers remained essentially the same (see Fig. 23). The addition of 26-BB, which was added as

a general dechlorination inducer (as determined by GE), inhibited dechlorination as previously

described.
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Fig. 21. Changes in GC profile during anaerobic incubation. (Data
shown for incubation with pyruvic acid and Hudson River sediment organisms.)
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Fig. 23. Change over time in number of PCB chlorines for reactors with
different inducers. (Data presented over a 19-week period.)

The dechlorination pattern M was not significantly affected by the type of inoculum. This
may be noted in Fig. 24, where results from two reactors under identical environmental conditions
but for the inoculum source are presented. As is noted, the two graphs are very similar, indicating
that a comparable dechlorination mechanism was present in both reactors.

The change in homolog composition during representative anaerobic and aerobic
fermentations is shown in Fig. 25. A decrease in tetra-, penta-, and hexachlorobiphenyls was
accompanied by an increase in di- and trichlorobiphenyls during anaerobic incubation of the
microcosm inoculated with organisms eluted from Hudson River sediments. During subsequent
aerobic incubation, all dichlorobiphenyls and a large fraction of the tri-, tetra-, and
pentachlorobiphenyls were degraded. Overall, a 70% decrease in total concentration of PCBs was
observed for the sequential anaerobic-aerobic fermentation. The aerobic treatment alone proved

quite effective in reducing the total PCB concentration by 67%, leaving mainly tetra- and
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pentachlorobiphenyls (Fig. 25). The achieved overall reduction of PCBs in the sequential
anaerobic-aerobic treatment compares well with Shannon et al., who noted an 81% reduction of
PCBs in a contaminated soil (1240 mg/kg Aroclor 1248)."" The greater degradation noted by
Shannon et al. may be attributed to the lack of easily degraded trichlorobiphenyls** not originally
present in weathered soil used in our studies. The results in the current study represent an
improvement over the sequential treatment results presented by Anid et al., who observed an
approximately 40% reduction of 300 mg/kg (spiked) Aroclor 1242 in Hudson River sediments.*
The improvement noted in the current study is attributed to limited capability of the aerobic isolate
(S3) used in the Anid study to degrade trichlorobiphenyis.

The near congener-specific analysis also allowed for calculation of PCB half-life in humans
during the incubations based on published data.** Initially, over 50% of the PCB congeners had a
half-life between 0.1 and 1 year in humans (Fig. 26). After anaerobic incubation, redistribution of
congeners resulted in an increase in PCB congeners with a half-life shorter than 0.1 year. This was
accompanied by a decrease in PCB congeners with a slightly longer half-life. Interestingly, the
fraction of PCB congeners with a half-life longer than 1 year increased, indicating that some of the
generated congeners during anaerobic conditions have a longer half-life than their predecessors.

As is noted in Fig. 26, the acrobic fermentation proved very effective both in conjunction with
anaerobic fermentation and by itself.  Overall, sequential anaerobic-aerobic fermentation
represented a substantial improvement over anaerobic fermentation alone and offered a slight
improvement over aerobic fermentation alone when evaluating results based on expected half-life in

humans.
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4. INVENTIONS
No inventions were generated during the work of the CRADA. The generated information has

been (or will be) published in the open literature.

S. COMMERCIALIZATION
The private environmental company Envirogen was co-founded by GE researcher Dr. Ron

Unterman, and the company is conducting PCB remediation demonstrations.

6. FUTURE COLLABORATION

No future collaborations between GE and ORNL researchers are planned.

7. CONCLUSIONS

PCB-dechlorinating organisms were successfully transferred from Hudson River and Woods
Pond sediments to a sandy soil contaminated with PCBs. The organisms expressed only meta
dechlorinating abilities in the studies. The addition of 236-CB decreased the lag prior to onset of
meta dechlorination, but 246-CB did not affect para dechlorination. The most extensive
dechlorination of indigenous PCBs was observed in reactors without single congener amendments.
The addition of pyruvate, maleate, or a complex carbon source (as supplement to acetonc)
improved dechlorinating activity. It is not surprising that anaerobic dechlorination occurs naturally
in the sediments of lakes and rivers, most of which present a carbon-rich environment to support
bacterial growth and metabolism. The data presented herein provide an example of anaerobic
dechlorination of PCBs in a sandy soil of very low organic carbon content, without the addition of

actual sediment matrix.
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Higher chlorinated biphenyls anaerobically dechlorinated to less chlorinated products were

susceptible to aerobic degradation. The total concentration of PCBs decreased by 70% for

sequential anaerobic-aerobic treatment, compared with a 67% decrease for acrobic treatment alone.

The sequential treatment resulted in PCB products with fewer chlorines and shorter half-lives in

humans compared with either anaerobic or aerobic treatment alone.
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APPENDIX A

GAS CHROMATOGRAPHY METHOD FOR PCB ANALYSIS
AND CALCULATION OF ANALYTICAL RESULTS
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The listing below is the method used for data acquisition and data analysis on a Hewlett-Packard GC.
Typically, the method was used in data acquisition mode for analysis overnight and then in a data
reprocessing mode the following day. ‘

Method: C:\HPCHEM\1\METHODS\PCB_EZ.MTH
Method Information
This is a two point calibration method with 1000uL 70/20/10 std and

100ul OCN std, and 500uL 70/20/10 stock + 500 uL hexane + 100 uL OCN
std. Calibration has also been done with 2,4,6-CB at 1.8182 and 9.0909

ne/ul levels. These will correspond to 14.55
and 72.73 mg/L. 70% Aroclor
Run Time Checklist 1242, 20% Aroclor 1254, and

10% Aroclor 1260. See GC

Pre-Run Program: none
Name: chromatogram on page 61.
Parameter:

Data Acquisition: on

Dat 259133'_'“"& Labels: °£f The post-programming feature

ata Analysis: n

Sig. 2 Mth: none allows t}le calculated results to

Post-Run Program: be modified. A program was
Name: c:\hpchem\macros\redocalc.bat designed to convert GC

Parameter: (Report_1) 100 ~— measured concentrations in

mg/kg to mole fractions. The
Injector Information parameter value of 100 indicates
that peaks with PCBs at concen-

Injection Source: Auto R
Injection Location: Front trations greater than 100 mg/kg
Front: are omitted from calculations.
Sample Washes: 3
Sample Pumps: 5
Sample Volume: 1 stops R . .
Viscosity Delay: 0 sec. This purge setting will cause a
Solvent A Washes: 3 splitless-split injection
Solvent B Washes: 3
on-Column: No
Purge A/B:
Init Value On Time (Min.) Off Time (Min.)
A (Valve 3) off 0.75 0.00
B (Valve 4) off 0.00 0.00
A - Splitless Injection: Yes
B - Splitless Injection: No
Temperature Information ¥ Front injector "A" was used
Zone Temperatures: with ECD detector "B."
Set point
inl. A 270 C.
Inl. B off
Det. A off
Det. B 300 c.
Aux. of f
Oven Parameters:
Oven Equib. Time: 0.50 Min.
Oven Max: 275 C.
Oven On
Cryo off
Ambient: 25 C.
Cryo Blast off
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Oven Program:

Set Point
Initial Temp: 40 C.
Initial Time: 2.00 Min.
Final
Level Rate (C./Min.) Temp. (C.)
1 20.0 160
2(A) 5.00 270
3(B) 0.00
Next Run Time: 48.00 Min.

Save Data:

Signal 2
Source:
Peak Width:
Data Rate:
Data Storage:

Detector Type
A FID
B ECD

Signal Information

Signal 2

Det. B
0.053 Min.
5.000 Hz.

All

Detector Information
State

off
On

Inlet A Pressure Program Information

Constant Flow:
Pressure:
Temperature:

GC Pressure Units: psi

Fixed Values:
Column Length (m):

Column Diameter (mm):

Gas:

Vacuum Comp:
Auxiliary Channel E
Comment:

Pressure Program:

Initial Pres.:

Initial Time:

Level
1
2(A)
3(B)
Total Program Time:

Calibration Parameters:

1

Last Aux. pressure calibration:

Rate (psi/min.)

On
11.6 psi
40 C

30.00
0.250
He
off

Setpoint
40.0
60.00

psi
min.

Final

Pres.(psi)
0.00

60.00

Pres.
(psi)
25.0

07 Oct 94

Flow

(ml/min)

1.0

10:48 AM

48

Final
Time. (Min.)
0.00
18.0

Final
Time (min)



Make-up Gas Compensation:
Non-compensated
Initial Flow (ml/min): 0.0

Split Flow Settings:

Split Ratio: 0.0:1
Split Flow (ml/min): 0.0
Gas Saver (On/Off): off
Start Time (min): 1.00
Equation: Flow=(0.040)(P"1.00)
Calibration Parameters:
Pres. Flow
(psi) (ml/min)
1 25.0 1.0
2 30.0 1.2
3 0.0 0.0

Last pressure calibration: 07 Oct 94 10:48 AM
At initial column flow setting (ml/min): 0.0

Split Flow Plumbing Environment:
Carrier Gas Supply: E
Split Vent: None
Signal Plot Information
Signat Attn. (2°) Offset (%) Time (Min.)
1 1 10 5
2 4 10 50

Integration Events

Events: value: Time: These events are
Initial Area Reject 999999999 INITIAL updated with
Initial Peak Width 0.030 INITIAL : :
Shoulder Detection OFF INITIAL callbra.\tlon to ensure
Initial Threshold -1 INITIAL detection of all
Area Reject 500 10.000 calibrated peaks
Peak Width 0.100 17.000
Peak Width 0.050 17.400
Peak Width 0.150 23.000
Peak Width 0.050 23.200
Peak Width 0.150 24.500
Peak Width 0.050 25.137

Report Specification

Destination: Report/Chromatogram to Printer
Report to File: Auto naming selected
Based on: Area

Calculations: 1STD
Printer Output: Chromatogram: Full
Report Header: None

Graphics Options

Title: Vertical
Include:
Axes Units: on
Peak Names: on
Retention Times: on
Baselines: on
Tick Marks: of f
Peak Labels Font: Modern 9
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Pk#

10
1
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34

The "Pk#" corresponds
to the ORNL peak
number (see

Appendix B).

Calibration Table

RT Lvl mg/kg Amt/Area Ref Istd 1# Name

13.393 1 0.27898 5.9332e-006 1 #5\31.78
2 1.3949  1.043e-005

14.119 1 0.10327 2.0116e-006 1 #6\31.78
2 0.51635 2.7638e-006

14.386 1 0.13629 2.3352e-006 \\\\\\\71 #7\31.78
2 0.68145 3.4756e-006

164.547 1 0.65105 2.7242e-006 1 #8\31.78
2 3.2553 3.9838e-006

15.099 1 0.09775 1.898e-006 1 #10\41.30
2 0.48875 3.1247e-006

15.493 1 1.8182 1.009e-006 1 #11\41.30
2 9.0909 2.2257e-006

15.801 1 1.0359 3.5232e-006 1 #14\38.31
2 5.1795 5.1238e-006

15.880 1 0.46473 2.0324e-006 1 #15\41.30
2 2.3237 3.2886e-006

16.131 1 0.08393 1.2941e-006 1 #16\41.30
2 0.41965 1.8335e-006

16.357 1 0.52291 1.5494e-006 Ref 1 #17\41.30
2 2.6146 2.3332e-006

16.964 1 0.12509 1.4573e-006 1 #21\41.30
2 0.62545 2.0897e-006

17.041 1 0.09076 1.5302e-006 1 #22\41.30
2 0.4538 2.0413e-006

17.248 1 1.5428 1.974%9e-006 1 #23+24\41.30
2 7.714  4.1783e-006

17.546 1 0.65978 1.8719e-006 1 #25\41.74
2 3.2989 2.6963e-006

17.742 1 0.29353 1.2013e-006 1 #26\41.53
2 1.4677 1.7134e-006

17.931 1 0.11229 1.0265e-006 1 #27\48.57
2 0.56145 1.655e-006

18.160 1 0.08131 1.8566e-006 1 #29\48.57
2 0.40655 2.7771e-006

18.370 1 0.48611 1.5217e-006 1 #31A\48.57
2 2.4306 2.3604e-006

18.516 1 0.30502 1.25%4e-006 1 #32\48.57
2 1.5251 1.9363e-006

18.616 1 0.11156 1.1832e-006 1 #33\48.57
2 0.5578 1.7438e-006

18.670 1 0.15098 1.0544e-006 1 #34\48.57
2 0.7549 1.6978e-006

18.992 1 0.39331 1.1824e-006 1 #378\48.57
2 1.9666 1.7696e-006

19.105 1 0.33789 1.5943e-006 1 #38\44.32
2 1.6895 2.3573e-006

19.392 1 0.34371 9.1362e-007 Ref 1 #39\48.57
2 1.7186 1.3056e-006

19.617 1 0.10269 1.0289%9e-006 1 #42\48.57
2 0.51345 1.4716e-006

20.219 1 0.18836 1.3923e-006 1 #46A\LB.57
2 0.9418 1.81e-006

20.319 1 0.43898 1.5957e-006 1 #47\48.57
2 2.1949 2.1985e-006

20.460 1 0.62356 1.198e-006 1 #48A+B\50.36
2 3.1178 1.7377e-006

20.667 1 0.10284 1.0797e-006 1 #49\54.30
2 0.5142 1.6114e-006

20.931 1 0.27869 1.2971e-006 1 #50\48.57
2 1.3935 1.6252e-006

21.116 1 0.19055 8.8076e-007 1 #51\54.30
2 0.95275 1.3582e-006

21.303 1 0.49222 1.4162e-006 1 #53\54.30
2 2.4611 2.1611e-006

21.469 1 0.16145 9.6363e-007 1 #54\54.30
2 0.80725 1.4618e-006

21.784 1 0.02225 6.4748e-007 1 #56A\54.30
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The "Amt/Area” values
are updated
automatically during
calibration

The "Name" is the
DB1-118 peak number
as defined by
Brown.>>* In
addition, the chlorine
weight percent of the
PCB:s for the peak is
listed after the "\."




35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69

21.957
22.099
22.231
22.332
22.430
22.748
22.962
23.078
23.331
23.655
23.999
24.129
24.204
24.586
24.835
25.023
25.143
25.278
25.458
25.717
25.824
25.890
26.052
26.235
26.420
26.564
26.719
26.824
27.178
27.388
28.236
28.346
28.618
28.689

28.875

NAN—IN—‘N—‘N—-‘N—'N—‘N—\N—‘N—IN—*N—‘N—‘N—‘N—\N—'N-—‘N—‘N—'N—‘N—lN—'N—lN—\N-AN—IN—'N—‘N—‘N—'NANAN—!N-JNAN

0.11125
0.13644
0.6822
0.20495
1.0248
0.11098
0.5549
0.02225
0.11125
0.38458
1.9229
0.0992
0.496
0.07113
0.35565
0.09193
0.45965
0.53484
2.6742
0.032
0.16
0.04029
0.20145
0.23142
1.1571
0.34138
1.7069
0.0957
0.4785
0.04305
0.21525
0.33484
1.6742
0.03025
.15125
.02065
.10325
.01309
.06545
.09367
.46835
.04029
.20145
.04505
0.2255
0.01876
0.0938
0.01047
0.05235
0.08553
0.42765
0.05367
0.26835
0.05222
0.2611
0.02415
0.12075
0.03055
0.15275
0.18313
0.91565
0.0736
0.368
0.01367
0.06835
0.0

0.0

0.0

0.0
0.0304
0.152

COO0OO0ODODOOOOO

8.2224e-007
1.0177e-006
1.4642e-006
7.8308e-007
1.0871e-006
1.0942e-006
1.3712e-006
3.0725e-007
4.9001e-007
9.5867e-007
1.329e-006
1.3182e-006
1.6809e-006
5.6977e-007
8.3891e-007
6.3094e-007
8.242e-007
1.1289e-006
1.619%9e-006
6.9251e-007
8.348e-007
6.8007e-007
8.8317e-007
1.2006e-006
1.4334e-006
9.6343e-007
1.4841e-006
4.8974e-007
6.5511e-007
5.414e-007
6.185%e-007
8.5748e-007
1.1385e-006
4.2664e-007
5.051e-007
5.7817e-007
6.8128e-007
3.5515e-007
4.4307e-007
6.392e-007
.0488e-007
.0056e-007
.0317e-007
.0954e-007
.9611e-007
.4104e-006
.3984e-006
.2294e-007
.4668e-007
5.8903e-007
7.8781e-007
6.8299e-007
8.8498e-007
9.542e-007
9.06e-007
1.2133e-006
1.4564e-006
1.4956e-006
1.4675e-006
7.3569e-007
9.5298e-007
9.3304e-007
9.2156e-007
5.2734e-007
5.3137e-007
0.0

0.0

0.0

0.0
4.1567e-007
4.7481e-007

P NN I AN e

-

#57A\54.30

—_

#58A+B\54.

-

#59\54.30

—_

#60\58.95

—

#61\53.96

—_

#63\54.30

—_

#64\58.95

—_

HES+66+6T+

-

#69\56.52

—_

#T1\57.69

—_

#73\58.95

1 #74\56.94

—_

#75\58.95

-

#77+78\60.

-

#79+80\58.

—_

#82\58.95

-

#83\58.95

Py

#84\58.95

—

#85\62.78

1 #88\62.78

—_

#89\58.95

-—

#90\62.78

-

#91\58.95

-

#92\62.78

_

#93\62.78

-

#94\62.78

—_

#95\60.15
1 #99\66.00

—_

#100\62.78

-

#102\62.78

-

#106\62.78

-

#107\62.78

—_

REF\00.00

-

#109\00.00

-

#110\66.00
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70 29.733 1 0.01222 6.6122e-007 1 #112\66.00
2 0.0611 6.4533e-007
71 30.455 1 0.024 7.1347e-007 1 #115\66.00
2 0.12 6.5813e-007
72 31.898 1 0.72727 6.8502e-006 Ref ISTD 1 OCN\00.00
2 0.72727 4.697e-006
Calibration Settings
Title:
CALIBRATION FOR 70/20/10 STD WITH OCN AS 1.S.
Reference window: 1.000 %
Non-reference window: 0.600 %
Units of amount: mg/kg
Multiplier: 1.0
RF uncal peaks: 0.0
I1STD# to adjust uncal peaks: 0
Sample Amount: 0.0

Sample ISTD Information

1% Amount
1 0.72727
Multilevel Information
Fit: Piecewise

Origin: Force

The above method generated the following typical report when printed, which represented the analytical
results of the sample injected. The calculated concentrations listed are the concentrations in the hexanc
mixture. For recalculation to concentrations in the extracted soil, see below.

Data File Name : C:\TRANSFER\HPCHEM\T\DATA\4_13\004R0201.D

Operator : Thomas Page Number |
Instrument : LAB11-FRO vial Number HE
Sample Name : 275-4, 52 Weeks Injection Number : 1
Run Time Bar Code: Sequence Line 2
Acquired on : 13 Apr 95 06:13 PM Instrument Method: PCB.MTH
Report Created on: 06 Nov 95 08:21 AM Analysis Method : PCB_EZ.MTH
Last Recalib on : 14 APR 95 01:55 PM Sample Amount : 0
Multiplier | ISTD Amount : 0.7273
Sig. 2 in C:\TRANSFER\HPCHEM\1\DATA\4_13\004R0201.D
Ret Time Area Type Width Ref# mg/kg Name
| 13.483‘* not found l 1 #5\31.78

14.213 * not found * 1 #6\31.78

16.478 * not found * 1 #7\31.78

14.641 * not found * 1 #8\31.78

15.195 * not found * 1 #10\41.30

15.590 * not found * 1 #11\41.30

15.927 889 8v  0.058 1 0.00591 #14\38.31

16.004 1136 v 0.117 1 0.00427 #15\41.30

16.230 * not found * 1 #16\41.30

16.487 1679 v8  0.080 1-R  0.00513 #17\41.30
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17.106 623 BV  0.057 1 0.00172 #21\41.30
17.177 587 v 0.069 1 0.00171 #22\41.30
17.383 12492 v 0.089 1 0.0406 #23+24\41.30
17.682 3019 w 0.079 1 0.00968 #25\41.74
17.880 5563 v 0.073 1 0.0117 #26\41.53
18.050 1645 W 0,075 1 0.00332 #27\48.57
18.265 * not found * 1 #29\48.57
18.491 6145 BV 0.057 1 0.0177 #31A\48.57
18.637 5788 v 0.056 1 0.0141 #32\48.57
18.739 2108 v 0.046 1 0.00521 #33\48.57
18.787 3293 W 0.064 1 0.00712 #34\48.57
19.111 11146 VW 0.052 1 0.0258 #37B\48.57
19.232 15001 vv 0.080 1 0.0415 #38\44.32
19.511 17424 W 0,062 1-R 0.0313 #39\48.57
19.739 5188 vv  0.062 1 0.0114 #42\48.57
20.344 19809 v 0.052 1 0.0429 #46A\48.57
20.442 27037 v 0.054 1 0.0661 #47\48.57
20.547 67053 v 0.068 1 0.138 #48A+B\50.36
20.793 7198 v 0.104 1 0.0166 #49\54.30
21.055 68994 VW 0.063 1 0.134 #50\48.57
21.231 12933 v 0.069 1 0.0239 #51\54.30
21.421 18417 v 0.057 1 0.0496 #53\54.30
21.588 13926 W 0.059 1 0.0269 #54\54.30
21.904 3275 W 0.065 1 0.00451 #56A\54.30
22.076 13813 W 0.055 1 0.0288 #57A\54.30
22.218 23203 w  0.057 1 0.0376 #58A+B\54.30
22.350 16897 v 0.061 1 0.0389 #59\54.30
22.440 * not found * 1 #60\58.95
22.548 57511 W 0.064 1 0.104 #61\53.96
22.870 16152 v 0.060 1 0.0446 #63\54.30
23.081 1232 W 0.066 1 0.00165 #64\58.95
23.233 3516 w  0.067 1 0.00478 #65+66+67+68\57.34
23.477 65237 W 0.071 1 0.129 #69\56.52
23.819 9049 v 0.115 1 0.0126 #71\57.69
24.124 1505 v 0.059 1 0.00226 #73\58.95
24.255 67049 W  0.073 1 0.137 #74\56.94
24.312 * not found * 1 #75\58.95
24.713 4219 v 0.079 1 0.00473 #77+78\60.16
24 .949 3409 W 0.099 1 0.00392 #79+80\58.95
25.148 15001 pv  0.070 1 0.0249 #82\58.95
25.268 2988 vv 0,063 1 0.00256 #83\58.95
25.407 1812 W 0.068 1 0.00213 #84\58.95
25.564 * not found * 1 #85\62.78
25.841 1352 v 0.056 1 0.00209 #88\62.78
25.959 5920 w  0.074 1 0.00775 #89\58.95
25.996 * not found * 1 #90\62.78
26.194 966 VW 0.077 1 0.00204 #91\58.95
26.343 * not found * 1 #92\62.78
26.546 1324 BV 0.060 1 0.00187 #93\62.78
26.690 749 v 0.062 1 0.00120 #94\62.78
26.863 3163 PV 0.081 1 0.00494 #95\60.15
27.000 953 W 0.075 1 0.00223 #99\66.00
27.285 * not found * 1 #100\62.78
27.517 3884 BB 0.071 1 0.00654 #102\62.78
28.369 1515 BV 0.065 1 0.00256 #106\62.78
28.452 * not found * 1 #107\62.78
28.733 19731 BV 0.081 1 0.000 REF\00.00
28.795 * not found * 1 #109\00.00
28.997 2363 vB8  0.075 1 0.00237 #110\66.00
29.837 * not found * 1 #112\66.00
30.582 1014 BB 0.069 1 0.00117 #115\66.00
32.008 117408 BB 0.087 1-IR 0.727 OCN\00.00
Time Reference Peak Expected RT Actual RT Difference
10 16.457 16.487 0.2%
24 19.497 19.511 0.1%
72 32.006 32.008 0.0%

Calibration table contains at least one peak with amt = 0

53




Not all calibrated peaks were found

The above report is actually never printed. Instead, the post-programming feature in the GC method above
intercepts the report before printing and invokes the following short batch file. The batch file
(REDOCALC.BAT) accepts two inputs (%] and %2); "%]1" is the file name of the report file printed, and
"%2" is a maximum PCB concentration accepted for calculation (typically 100 mg/kg).

ECHO ON

CD\

C:\HPCHEM\MACROS\RECALC %1 %2
ECHO OFF

This short batch file in return uses the following program written in BASIC and compiled to reformat the
typical report (see above) to a friendlier report. The program (RECALC.EXE) uses the chlorinc weight
percent (part of peak names) to recalculate the PCB concentrations to mole percent and also summarizes
the results by calculating total PCB concentration and average chlorine content.

10 *Thomas Klasson, Oak Ridge National Laboratory, P.0. Box 2008-6044, Oak Ridge, TN 37831

20 DIM LN$(200), CLCONT(200), CONC(200), MCONC(200)

30 ROW = CSRLIN - 1: A$ = nu

40 FOR I = 1 TO 80: DUMMY = SCREEN(ROW, I): A% = UCASE$(AS + CHRS(DUMMY)): IF RIGHTS(AS, 7) = “RECALC " THEN
A% = W ELSE IF RIGHTS(AS, 5) = v " THEN 60

50 NEXT 1

60 A% = LEFTS(AS, LEN(AS) - 5)

65 MAX = VAL(MIDS(AS, INSTR(AS, " ") + 1))

70 FILS = LEFT$(AS, INSTR(AS, ™ ) - 1): OPEN FILS FOR INPUT AS #1: I = 1

80 LINE INPUT #1, LNS(I): IF NOT LEFT$(LNS(I), 10) = “Multiplier" THEN [ = 1 + 1: GOTO 80

90 MULT = VAL(MIDS(LN$(I), 20, 29)): ISTD = VAL(MIDS(LNSCI), 68, 11)): 1 =1 + 1

100 LINE INPUT #1, LNS(1): IF NOT LEFTS(LN$(I1), 8) = “Ret Time" THEN I = 1 + 1: GOTO 100

110 MIDS(LNS(I), 28, 11) =" Mol % ": UNITS = MIDS(LNS(1), 40, 8): I =1 + 1

120 LINE INPUT #1, LNS(I): MIDS(LNS(I), 33, 1) = n-u; | =] + 1

130 COMPSTART = 1: SUMCONC = 0: SUMMOL = 0: TOTCLCONT = 0

140 LINE INPUT #1, LNSCI): IF LEN(LNS(I)) < 10 THEN 180

150 CONC(I) = VAL(MIDS(LNS(1), 40, 8)): CLCONT(l) = VAL(MIDS(LNS(1), INSTRCLNS(I), "\") + 1)):
MCONC(I) = CONC(I) * (1 - (CLCONT(I) / 100) * (1 - 1.0079 / 35.453)) / 154.2

160 IF CONC(I) < MAX AND CLCONT(I) > 1 THEN SUMCONC = SUMCONC + CONC(1): SUMMOL = SUMMOL + MCONC(I):

TOTCLCONT = TOTCLCONT + CLCONT(I) * CONC(I) / 100
170 1 =1+ 1: GOTO 140
180 COMPEND =1 - 1: 1 =1 + 1

190  IF EOF(1) THEN CLOSE #1: IEND = I - 1 : GOTO 210
200  IF I>COMPEND+20 THEN CLOSE #1: IEND = COMPEND + 12 ELSE LINE INPUT #1, LNSCI): I = I + 1: GOTO 190
210 DUMMY = 4

220 FOR 1 = COMPSTART TO COMPEND

230 IF CONC(I) < MAX AND CLCONT(I) > 1 THEN A = MCONC(I) / SUMMOL * 100 ELSE A = 0

240 GOSUB 370: MIDS(LNS(I), 28, 11) = A$

250 NEXT 1

260 A = SUMCONC: GOSuB 370

270 LN$(COMPEND + 2) = “Total PCB= " + A% + " W 4+ UNIT$ + “with an average of "
280 A = 154.2 * TOTCLCONT / SUMCONC / (35.453 - (TOTCLCONT / SUMCONC) * (35.453 - 1.0079)): GOSUB 370:
LNS(COMPEND + 2) = LNS(COMPEND + 2) + A$ + % Cl per BpPY

290 OPEN FIL$ FOR QUTPUT AS #1: OPEN “C:\HPCHEM\PRE_POST.SPL" FOR OUTPUT AS #2
300 FOR I = 1 TO IEND: PRINT #1, LN$(I1): PRINT #2, LNS(1): NEXT [

310 CLOSE #1: CLOSE #2

320 OPEN LEFTS(FILS, LEN(FILS) - 12) + “SUMMARY.TXT" FOR APPEND AS #1

330 FOR I = 1 TO COMPSTART - 4: PRINT #1, LN$(I): NEXT 1

340 FOR I = COMPEND + 2 TO IEND - 4: PRINT #1, LNS(1): NEXT 1

350 CLOSE #1
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360 END
370 REM
380 IF
390 IF
400 IF
410 K&
420 A%

nw>»>r»>r

CONVERT VALUE A TO STRING A%, FORMAT=" +#.DUMMY™"""¥ -ceccccwme-

0 THEN A$ = " 0." + STRINGS(DUMMY, "0") + “E+00": GOTO 430

0 THEN A3
1 THEN B%

u.w; A = ABS(A) ELSE A$ = # v
ME-W ELSE B$ = WE+"

INT(A * 10 ~ (DUMMY - INT(LOG(A) / LOG(10) + VAL("1.9E-" + RIGHT$(STRS(DUMMY + 2), 1)))) + .5)

A$ + MIDS(STRB(K&), 2, 1) + “." + RIGHTS(STR$(K&), DUMMY) + B$ + RIGHTS("0" + MIDS(STRS(INT(LOG(A)
/ LOG(10) + VAL("1.9E-" + RIGHTS(STRS(DUMMY + 2), 1)))), 2), 2)

430 RETURN

Below is the reprinted report. Incorporated into the calculation is also the multiplier that converts sample
concentrations to concentration in extracted soil. This multiplier is entered during reprocessing in a
sequence table (a table created for automatically injecting multiple samples).

Internal Standard Report

Data File Name

Operator

Instrument

Sample Name
Acquired on

Last Recalib on

¢ C:\HPCHEM\1\DATA\4_13\004R0201.D

: Thomas

: LAB11-FRO

: 275-4, 52 Weeks
Run Time Bar Code:
: 13 Apr 95 06:13 PM
Report Created on: 17 Apr 95 11:25 AM
: 14 APR 95 01:55 PM

Mol %

0.0000E+00
0.0000E+00
0.0000E+00
0.0000E+00
0.0000E+00
0.0000E+00
5.5456€E-01
3.8212e-01
0.0000E+00
4.5915E-01
1.5467E-01
1.5285E-01
3.6332E+00
8.6115€-01
1.0393e+00
2.6214€-01
0.0000E+00
1.3963E+00
1.1128E+00
4.1140€-01
5.6173e-01
2.0383e+00
3.5359e+00
2.4716E+00
9.0412E-01
3.3918e+00
5.2214E+00
1.0565E+01
1.1678E+00
1.0614E+01
1.6894E+00
3.5080E+00
1.9000E+00

mg/kg

0.0872
0.0630

0.0757
0.0255
0.0252
0.599
0.143
0.172
0.0490

0.261
0.208
0.0769
0.105
0.381
0.613
0.462
0.169
0.634
0.976
2.042
0.244
1.984
0.353
0.733
0.397

Multiplier : 14.76
Sig. 2 in C:\HPCHEM\1\DATA\4_13\004R0201.D
Ret Time Area Type
I 13.483|* not found l
14.213 * not found *
14.478 * not found *
14.641 * not found *
15.195 * not found *
15.590 * not found *
15.927 889 BV
16.004 1136 W
16.230 * not found *
16.487 1679 VB
17.106 623 BV
17.177 587 vv
17.383 12492 Vv
17.682 3019 w
17.880 5563 vV
18.050 1445 W
18.265 * not found *
18.491 6145 BV
18.637 5788 vv
18.739 2108 vv
18.787 3293 W
19.111 11146 W
19.232 15001 vv
19.51 17424 VWV
19.739 5188 wv
20.344 19809 vv
20.442 27037 w
20.547 67053 v
20.793 7198 v
21.055 68994 VWV
21.231 12933 w
21.421 18417 W
21.588 13926 v
21.904 3275 W

3.1874E-01

0.0666

Page Number 2 1
Vial Number H
Injection Number : 1
Sequence Line : 2

Instrument Method: PCB.MTH
Analysis Method :
Sample Amount : 0
ISTD Amount H

#5\31.78
#6\31.78
#7\31.78
#8\31.78
#10\41.30
#11\41.30
#14\38.31
#15\41.30
#16\41.30
#17\41.30
#21\41.30
#22\41.30
#23+24\41.30
#25\41.74
#26\41.53
#27\48.57
#29\48.57
#31A\48.57
#32\48.57
#33\48.57
#34\48.57
#378B\48.57
#38\44.32
#39\48.57
#42\48.57
#L6A\LB.57
#47\48.57
#4BA+B\50.36
#49\54 .30
#50\48.57
#51\54.30
#53\54.30
#54\54.30
#56A\54 .30
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22.076
22.218
22.350
22.440 *
22.548
22.870
23.081
23.233
23.477
23.819
24.124
26.255
26.312 *
24.713
24.949
25.148
25.268
25.407
25.564 *
25.841
25.959
25.996 *
26.194
26.343 *
26.546
26.690
26.863
27.000
27.285 *
27.517
28.369
28.452 *
28.733
28.795 *
28.997
29.837 *
30.582
32.008

Total PCB=

not

not

not

not

not

not

not

not

not

2.0001E+01 ng/ul
Time Reference Peak

13813 vv
23203 vv
16897 Vv
found *
57511 w
16152 w
1232 W
3516 w
65237 v
9049 Vv
1505 w
67049 vV
found *
4219 w
3409 v
15001 PV
2988 vv
1812 wW
found *
1352 W
5920 vv
found *
966 VvV
found *
1324 BV
749 vV
3163 PV
953 vv
found *
3884 BB
1515 BV
found *
19731 BV
found *
2363 vB
found *
1014 BB
117408 BB

10
24
72

2.0388E+00 0.426 #57A\54.30
2.6562E+00 0.555 #58A+B\54.30
2.7471E+00 0.574 #59\54.30
0.0000E+00 #60\58.95
7.3688E+00 1.529 #61\53.96
3.1539€+00 0.659 #63\54.30
1.0561E-01  0.0244 #64\58.95
3.1676E-01  0.0706 #65+66+67+68\57.34
8.6689E+00 1.898 #69\56.52
8.2811E-01 0.186 #71\57.69
1.4456€E-01  0.0334 #73\58.95
9.1607e+00 2.024 #74\56.94
0.0000E+00 #75\58.95
2.9380E-01 0.0698 #77+78\60.16
2.5017e-01  0.0578 #79+80\58.95
1.5885e+00 0.367 #82\58.95
1.6361E-01  0.0378 #83\58.95
1.3591E-01  0.0314 #84\58.95
0.0000E+00 #85\62.78
1.2209€-01  0.0309 #88\62.78
4.9342E-01 0.114 #89\58.95

0.0000E+00 #90\62.78
1.3028E-01  0.0301 #91\58.95
0.0000E+00 #92\62.78

1.0866E-01  0.0275 #93\62.78
6.9937E-02  0.0177 #94\62.78
3.0692e-01  0.0729 #95\60.15
1.1957e-01  0.0329 #99\66.00
0.0000E+00 #100\62.78
3.8130E-01  0.0965 #102\62.78
1.4936E-01  0.0378 #106\62.78

0.0000E+00 #107\62.78
0.0000E+00 0.000 REF\00.00

0.0000E+00 #109\00.00
1.2720E-01  0.0350 #110\66.00
0.0000E+00 #112\66.00

6.2874E-02  0.0173 #115\66.00
0.0000E+00  10.735 OCN\00.00

with an average of 4.5937E+00 Cl per BP
Expected RT Actual RT Difference

16.457 16.487 0.2%
19.497 19.511 0.1%
32.006 32.008 0.0%

Calibration table contains at least one peak with amt = 0

Not all calibrated peaks were found
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In addition to the standard recalculations performed on all samples (resulting in the above-mentioned
format), additional details were found using the below program written in BASIC and compiled. The
program (DETAILS2.EXE) accepts one argument, the filename of the file to be inspected, from the DOS
prompt. The program listing may be found below.

10 'Thomas Klasson, Oak Ridge National Laboratory, P.0. Box 2008-6044, Oak Ridge, TN 37831

20 CLEAR : DIM A$(200), LN$(200), LBL$(200), PEAK$(200), CONC(200), CLCONT(200), MCONC(200), ORTHO(200),
PARA(200), META(200), K81(200)

30 READ N: FOR I = 1 TO N: READ PEAK$(I), ORTHO(I), META(1), PARA(I), KBI(I): NEXT I

40 EMPTY$ = STRING$(80, " ®): FOR I = 1 TO 10: KEY I, "¥: NEXT I

50 ROW = CSRLIN - 1: A$ =

60 FOR 1 = 1 TO 80: DUMMY = SCREEN(ROW, I): A$ = UCASE$(A$ + CHRS(DUMMY)): IF RIGHT$(AS, 12) = "DETAIL2.EXE
" THEN A$ = " ELSE IF RIGHT$(AS$, 5) = " THEN 80

70 NEXT 1

80 FIL$ = LEFT$(AS, LEN(A$) - 5): GOSUB 440

90 DUMMY = 4: EDITS = 0

100 N = COMPEND - COMPSTART + 1: SUMMARY$ = LN$(COMPEND + 2): SUMMOL = SUMM: SUMCONC = SUMC: TOTCLCONT =
SUMCL

110 SUMORTHO = 0: SUMPARA = 0: SUMMETA
= 0: OCTA = 0: LT0?1 = 0: LT1 = 0: LT10
120 FOR 1 = COMPSTART TO COMPEND

130 SUMORTHO = SUMORTHO + MCONC(I) * ORTHO(I + 1 - COMPSTART): SUMPARA = SUMPARA + MCONC(I) * PARA(I + 1-
COMPSTART): SUMMETA = SUMMETA + MCONC(I) * META(l + 1 - COMPSTART)

140 IF MCONC(I) > O AND CLCONT(I) > 1 THEN THALF = .6931 / (KBI(I + 1 - COMPSTART) + 8.000001E-03) ELSE 270
150 IF THALF <= .1 THEN LTO1 = LTO1 + MCONC(!): GOTO 180

160 IF THALF <= 1 THEN LT1 = LT1 + MCONC(I): GOTO 180

170 1F THALF <= 10 THEN LT10 = LT10 + MCONC(I) ELSE MT10 = MT10 + MCONC(I)

180 NCL = ORTHO(I + 1 - COMPSTART) + META(I + 1 - COMPSTART) + PARA(I + 1 - COMPSTART): ON INT(NCL) GOTO
200, 210, 220, 230, 240, 250, 260, 260

190 MONO = MONO + MCONC(I1): GOTO 270

200 MONO = MONO + MCONC(I) * (2 - NCL): DI = DI + MCONC(I) * (NCL - 1): GOTO 270

210 DI = DI + MCONC(I) * (3 - NCL): TRI = TRI + MCONC(I) * (NCL - 2): GOTO 270

0: MONO
0: MT10

0: DI = O: TRI = O: TETRA = O: PENTA = 0O: HEXA = 0: HEPTA
0

nn
[ 1}

220 TRI = TRI + MCONC(I) * (4 - NCL): TETRA = TETRA + MCONC(I) * (NCL - 3): GOTO 270
230 TETRA = TETRA + MCONC(I) * (5 - NCL): PENTA = PENTA + MCONC(I) * (NCL - 4): GOTO 270
240 PENTA = PENTA + MCONC(I) * (6 - NCL): HEXA = HEXA + MCONC(I) * (NCL - 5): GOTO 270

250 HEXA = HEXA + MCONC(I) * (7 - NCL): HEPTA = HEPTA + MCONC(1) * (NCL - 6): GOTO 270
260 HEPTA = HEPTA + MCONC(I) * (8 - NCL): OCTA = OCTA + MCONC(I) * (NCL - 7)

270 NEXT 1

280 CLS : FOR I = 5 TO 14: PRINT LN$(I): NEXT I

290 PRINT SUMMARY$: PRINT : A = SUMORTHO + SUMMETA + SUMPARA

300 PRINT ¥ Chlorine Positions "

310 PRINT "Ortho = ¥, : PRINT USING "“###.##%"; SUMORTHO * 100 / A; : PRINT " or "; : PRINT USING "“##.##";
SUMORTHO * VAL(MID$(SUMMARY$, 50, 12)) / A; : PRINT " Cl/BP | Mono = ¥;

320 PRINT USING “###.##%"; MONO * SUMM / SUMMOL; : PRINT “ Penta= "; : PRINT USING “###.##7"; PENTA *
SUMM / SUMMOL

330 PRINT "Para = #. : PRINT USING "###.##4"; SUMPARA * 100 / A; : PRINT " or "; : PRINT USING “##.#&",;
SUMPARA * VAL(MIDS(SUMMARYS, 50, 12)) / A; : PRINT " CL/BP | Di = N,

340 PRINT USING “###.##7"; D1 * SUMM / SUMMOL; : PRINT ¥ Hexa = "; : PRINT USING “###.##%"; HEXA * SUMM /
SUMMOL

350 PRINT "Meta = . : PRINT USING “###.##%"; SUMMETA * 100 / A; : PRINT " or ¥; : PRINT USING "##.##";
SUMMETA * VAL(MIDS(SUMMARYS, 50, 12)) / A; : PRINT " CL/BP | Tri =n;

360 PRINT USING "“###.##%"; TRI * SUMM / SUMMOL; : PRINT " Hepta= "; : PRINT USING “###.##/"; HEPTA * SUMM
/ SUMMOL

370 PRINT ®[M+P}/0 = "; : PRINT USING " ##.##"; (SUMMETA + SUMPARA) / SUMORTHO; : PRINT "

| Tetra= "; : PRINT USING "“###.##%"; TETRA * SUMM / SUMMOL; : PRINT * Octa = “; : PRINT USING "“###.##%";
OCTA * SUMM / SUMMOL

380 PRINT : PRINT " Half-Life in Humans ": PRINT ® <0.1 year
= W; : PRINT USING "###.#%"; LTO1 * SUMM / SUMMOL; : PRINT " >1 & <10 years = "; : PRINT USING
WHRH . H%"; LT10 * SUMM / SUMMOL

390 PRINT " >0.1 & <1 year = ¥; : PRINT USING “###.#%"; LT1 * SUMM / SUMMOL; : PRINT ¥ >10

years = "; : PRINT USING "###.#4"; MT10 * SUMM / SUMMOL

400 PRINT : PRINT "Press E to edit peaks. Press any other key to quit";

410 A$ = INKEY$: IF A% = "™ THEN 410

420 1F A$ = “EY OR A$ = "e" THEN IF EDITS = O THEN FOR I = 1 TO N: A$(I) = LN$(I + COMPSTART - 1): NEXT I:
EDITS = EDITS + 1: GOTO 640 ELSE 640

430 END

440 OPEN FIL$ FOR INPUT AS #1: I = 1: SUMMOL = O: TOTCLCONT = 0: SUMCONC = 0

450 LINE INPUT #1, LNS(1): IF NOT LEFTS(LN$(I1), 8) = “Ret Time" THEN I = I + 1: GOTO 450
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460 I =1+ 1: LINE INPUT #1, LNS(I): 1 =1 + 1
470 COMPSTART = |
480 LINE INPUT #1, LN$(I): IF LENC(LNS(I1)) < 10 THEN 540

490 IF NOT MID$(LNS(1), 49, INSTR(LN$(I), "\") - 49) = PEAKS(I + 1 - COMPSTART) THEN BEEP: CLOSE #1:
GOTO 430

500 MCONC(I) = VAL(MIDS(LNS$(I), 28, 11)): SUMMOL = SUMMOL + MCONC(I)

510 CONC(I) = VAL(MIDS(LNS(I), 40, 8)): CLCONT(I) = VAL(MIDS(LNS(I), INSTRCLNS(I), "\") + 1))

520 IF MCONC(I) > O AND CLCONT(I) > 1 THEN SUMCONC = SUMCONC + CONC(I): TOTCLCONT = TOTCLCONT +
CLCONT(1) * CONC(I) / 100

530 I =1+ 1: GOTO 480

540 COMPEND = 1 - 1: 1 =1 + 1

550 IF EOF(1) THEN CLOSE #1: IEND = I - 1: SUMC = SUMCONC: SUMM = SUMMOL: SUMCL = TOTCLCONT ELSE LINE INPUT
#1, LNS(I): 1 =1 + 1: GOTO 550

560 RETURN

570 t--c-nv-- Convert Value A to String AS, Format=" +# DUMMY"""-#

580 IF A = O THEN AS$ = " 0." + STRINGS(DUMMY, "0") + “E+00": GOTO 630

590 IF A < O THEN A$ = "-m; A = ABS(A) ELSE A$ = »

600 IF A < 1 THEN B$ = “E-" ELSE BS = VE+"

610 K& = INT(A * 10 ° (DUMMY - INT(LOG(A) / LOG(10) + VAL("1.8E-" + RIGHTS(STRS(DUMMY + 2), 1)))) + .5)
620 AS = A% + MIDS(STR$(K&), 2, 1) + ", ¥ + RIGHTS(STR$(K&), DUMMY) + BS + RIGHT$("0" + MIDS(STRS(INT(LOG(A)
/ LOG(10) + VAL("1.8E-" + RIGHTS(STRS(DUMMY + 2), 1)))), 2), 2)

630 RETURN

650 PGNO = 1

660 GOSUB 710: GOTO 770

670 tee------ Save File

680 OPEN FIL$ FOR OUTPUT AS #1

690 FOR I = 1 TO IEND: PRINT #1, LN$(I): NEXT 1

700 CLOSE #1: EDITS = 0: SUMM = SUMMOL: SUMC = SUMCONC: SUMCL = TOTCLCONT: GOTO 100

710 t------n- Print Page

720 CLS : COLOR O, 7: LOCATE 25, 1: PRINT ™ Fi:Page Down F2:Page Up F4:Cancel Changes F5:Review New
F6:Del Peak"; : COLOR 7, 0

730 FOR I = 1 TO 23: LOCATE I, 1: PRINT LEFTS(AS((PGNO - 1) * 23 + 1) + EMPTYS, 80); : NEXT I
740 RETURN

750 PGNO = PGNO + 1: GOSUB 720: GOTO 780

760 PGNO = PGNO - 1: GOSUB 720: ROW = 23: GOTO 790

770 t-------- Main Editing Subroutine

780 ROW = 1

790 COLOR O, 7: LOCATE ROW, 1: PRINT LEFTS(AS((PGNO - 1) * 23 + ROW) + EMPTY$, 80); : COLOR 7, O

800 LOCATE ROW, 1: B$ = INKEY$: IF B$ = “v THEN 800

810 IF B$ = CHR$(13) OR B$ = CHRS$(0) + CHR$(80) THEN 890

820 IF B$ = CHR$(0) + CHR$(72) THEN 900

830 IF B$ = CHR$(0) + CHR$(59) OR B$ = CHR$(0) + CHR$(B1) THEN IF NOT PGNO = INT(N / 23) + 1 THEN 750 ELSE
880

840 IF B$ = CHR$(0) + CHR$(60) OR B$ = CHR$(O) + CHRS(73) THEN IF NOT PGNO = 1 THEN 760 ELSE 880

850 IF B$ = CHR$(0) + CHR$(62) THEN EDITS = 0: GOTO 100

860 IF B$ = CHR$(0) + CHR$(63) THEN 280: 'GOSUB 780: GOTO 139

870 IF BS = CHR$(0) + CHR$(64) THEN IF MIDS(AS((PGNO - 1) * 23 + ROW), 28, 11) = " 0.0000E-00" THEN 880 ELSE

MIDS(AS((PGNO - 1) * 23 + ROW), 28, 11) = * 0.0000E-00": GOSUB 910: GOSUB 920: GOTO 790

880 BEEP: GOTO 800

890 GOSUB 910: IF NOT ROW = 23 THEN ROW = ROW + 1: GOTO 790 ELSE B$ = CHR$(0) + CHR$(59): GOTO 810

900 GOSUB 910: IF NOT ROW = 1 THEN ROW = ROW - 1: GOTO 790 ELSE BS = CHR$(O0) + CHR$(40): GOTO 810

910 LOCATE ROW, 1: PRINT LEFT$(A$((PGNO - 1) * 23 + ROW) + EMPTYS, 80); : RETURN

920 te-neee-- Calculate New Totals

930 I = (PGNO - 1) * 23 + ROW + COMPSTART - 1: IF MCONC(I) = 0 OR CLCONT(I) < 1 THEN BEEP: GOTO 1100

940 SUMMOL = SUMMOL - MCONC(I): SUMCONC = SUMCONC - CONC(I): TOTCLCONT = TOTCLCONT - CLCONT(I) * CONC(1) /
100

950 SUMORTHO = SUMORTHO - MCONC(I) * ORTHO(I + 1 - COMPSTART): SUMPARA = SUMPARA - MCONC(1) * PARA(l + 1 -
COMPSTART): SUMMETA = SUMMETA - MCONC(I) * META(l + 1 - COMPSTART)

960 THALF = .6931 / (KBI(I + 1 - COMPSTART) + 8.000001E-03)

970 IF THALF <= .1 THEN LTO1 = LTO1 - MCONC(I): GOTO 1000

980 IF THALF <= 1 THEN LT1 = LT1 - MCONC(I1): GOTO 1000

990 IF THALF <= 10 THEN LT10 = LT10 - MCONC(I) ELSE MT10 = MT10 - MCONC(I)

1000 NCL = ORTHO(I + 1 - COMPSTART) + META(1 + 1 - COMPSTART) + PARA(I + 1 - COMPSTART): ON INT(NCL) GOTO
1020, 1030, 1040, 1050, 1060, 1070, 1080, 1080

1010 MONO = MONO - MCONC(1): GOTO 1090

1020 MONO = MONO - MCONC(I) * (2 - NCL): DI = DI - MCONC(I) * (NCL - 1): GOTC 1090

1030 DI = DI - MCONC(I) * (3 - NCL): TRI = TRI - MCONC(I) * (NCL - 2): GOTO 1090

1040 TRI = TRI - MCONC(I) * (4 - NCL): TETRA = TETRA - MCONC(I) * (NCL - 3): GOTO 1090

1050 TETRA = TETRA - MCONC(1) * (5 - NCL): PENTA = PENTA - MCONC(I) * (NCL - 4): GOTO 1090

1060 PENTA = PENTA - MCONC(I) * (6 - NCL): HEXA = HEXA - MCONC(I) * (NCL - 5): GOTO 1090
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1070 HEXA = HEXA - MCONC(I) * (7 - NCL): HEPTA = HEPTA - MCONC(I) * (NCL - 6): GOTO 1090

1080 HEPTA = HEPTA - MCONC(I) * (8 - NCL): OCTA = OCTA - MCONC(I) * (NCL - 7)

1090 A = SUMCONC: GOSUB 570: MIDS(SUMMARYS, 12, 11) = A$: A = 154.2 * TOTCLCONT / SUMCONC / (35.453 -
(TOTCLCONT / SUMCONC) * (35.453 - 1.0079)): GOSUB 570: MIDS(SUMMARY$, 51, 11) = A%

1100 RETURN

1110 DATA :’.2 : ‘o, m, p, Kbi /—' This table contains GC peak names; average
::gg g:;: ,,:2,, ' % ' 8,§3° '0?23 60 number of ortho, meta, and para chlorines
1140 DATA “#7% . 1 . 1, 0, 60 ! (mol/mol); and the first-order reaction rate for
1150 DATA "#8" , 1,0, 1, 80 retention times in humans (year).

1160 DATA “#10" , 3,0, 0, 100

1170 DATA "#11* , 2,0, 1, 80

1180 DATA "#14" , 1.31 , 0.65 , 0.69 , 20

1190 DATA "#15» , 2 , 0, 1, 40

1200 DATA "#16" , 2 , 1,0, 34

1210 DATA “#17v , 2 , 0.70 , 0.30 , 12

1220 DATA “#21" , 1 , 2,0, 3.6

1230 DATA "#22v , 1,1, 1, 2.4

1240 DATA "#23+24m , 1, 0.46 , 1.54 , 0.48

1250 DATA “#25% , 1.11, 1.05 , 0.89 , 5.2

1260 DATA "#26" , 1, 1,1, 1.8

1270 DATA "#27* , 3 , 1,0, 36

1280 DATA “#29» , 3 ,1,0, 20

1290 DATA "#31A" , 2 , 2, 0, 6.5

1300 DATA “#32v , 2 , 1,1, 5.8

1310 DATA "#33% , 2 , 0,2, 2

1320 DATA "#34v , 2 , 0.88 , 1.12 , 2

1330 DATA "#378% , 2, 2, 0, 6.4
1

1340 DATA "#38" , 0.77 , 1.11, 1.5, 0.8
1350 DATA "#39% , 2 , 1,1, 7

1360 DATA “#42v , 2 , 2, 0, 6.6

1370 DATA "#46A" , 1,1, 2, 0.21

1380 DATA "#47" , 1, 2,1, 1.2

1390 DATA “#48A+B" , 1.65 , 1.33 , 1.35 , 0.8
1400 DATA "#49" , 3 , 1,1, 6

1410 DATA “#50" , 1, 1.54 , 1.46 , 1

1420 DATA "#51% , 2.65 , 2.35 , 0, 1.5
1430 DATA "#53% , 2, 2,1, 2

1440 DATA “#54m , 2 , 1, 2, 0.2

1450 DATA “#56A" , 2 , 3, 0, 1

1460 DATA "#57a" , 2 , 2 , 1, 1

1470 DATA "#S8A+B" , 2 , 2 , 1, 3.6

1480 DATA "#59% , 2 , 1, 2 , 0.8

1490 DATA "#60" , 4 , 0,7

1500 DATA "#61v , 1.89 , 2 , 1.06 , 4.2
1510 DATA “#63% , 2 , 2 , 1, 3.4

1520 DATA "#64" , 3 , 3,0, 1.8

1530 DATA “#65+66+67+68% , 2.29 , 1.52 , 0.58 , 0.14
1540 DATA "#69% , 1, 2 , 2 , 0.11

1550 DATA “#71% , 2.44 , 2.72 , 0.56 , 0.04
1560 DATA “#73 , 2 , 3, 1, 0.026

1570 DATA “#74% , 2.15 , 2 , 1.43 , 0.17
1580 DATA “#75% , 2 , 2, 2 , 0.046

1590 DATA “#77+78% , 2.62 , 3 , 0.69 , 1
1600 DATA "#79+80% , 2 , 2.5 , 1.5 , 0.024
1610 DATA “#82" , 2, 0.03

1620 DATA “#83" .05, 1.95, 0.14
1630 DATA "#84"
1640 DATA "#85H
1650 DATA n#88"
1660 DATA "#89"
1670 DATA "#90"
1680 DATA “#91"
1690 DATA "#92"
1700 DATA “#93"
1710 DATA "#94"
1720 DATA "#95"
1730 DATA "#99"
1740 DATA "#100" , 2 , 4 , 1,
1750 DATA "#102" , 2 , 3, 2,
1760 DATA "#106"% , 2 , 3, 2,
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1770 DATA “#107" , 2 , 3, 2 , 0.044
1780 DATA “REF" , 0 , 0, 0, O

1790 DATA “#109" ,
1800 DATA "#110v ,
1810 DATA "#112v ,
1820 DATA "#115" ,
1830 DATA “OCN" , 0, 0,0, 0

.~.~
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“ .o~ .
PN
-
« .. s
=)
o
=
=~

The output from the program is shown below.

Data File Name : C:\HPCHEM\1\DATA\4_13\004R0201.D

Operator : Thomas Page Number 1
Instrument : LAB11-FRO vial Number A

Sample Name s 275-4, 52 Weeks Injection Number : 1

Run Time Bar Code: Sequence Line : 2
Acquired on : 13 Apr 95 06:13 PM Instrument Method: PCB.MTH
Report Created on: 17 Apr 95 11:25 AM Analysis Method : PCB_EZ.MTH
Last Recalib on : 14 APR 95 01:55 PM Sample Amount : 0
Multiplier : 14.76 ISTD Amount : 0.7273

Total PCB= 2.0001E+01 ng/ul  with an average of &4.5937E+00 Cl per BP

Chlorine Positions

Ortho = 35.57% or 1.63 Cl/BP Mono =  0.00% Penta= 42.54%
Para = 28.37% or 1.30 Cl/BP Di = 0.19% Hexa =  9.33%
Meta = 36.06% or 1.66 Cl/BP Tri = 9.19% Hepta=  1.02%
[M+P)/0 = 1.81 Tetra= 37.41% Octa = 0.31%
Half-Life in Humans
<0.1 year = 4.1% >1 & <10 years = 27.9%
>0.1 & <1 year = 63.9%4 >10 years = 4.1%

Press E to edit peaks. Press any other key to quit

As is noted, the program provides information about chlorine positions and mol percent of PCBs with different
retention times in humans.
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Sig. 2 in CAHPCHEM\...\099R0201.D
13

1.4e5

1.2e5

PURS W S S WY NN SN W S |

i
[=))

1.0e5 4 14 28

10 24 39
8.0e4 - 4
50
] 30
6.0e4 - 36| p6.47
33

4.0ed4 -~ 41
4 25 8 § 54 64 .
4 59 int.

I W

\ 70 71

15 20 25 30 35
Time (min.)

2.0e4 4 1

The above figure depicts a gas chromatogram of the PCB standard used (70% Aroclor 1242, 20% Aroclor 1254,
and 10% Aroclor 1260).
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APPENDIX B

RESOURCE AND DATA FOR PCB CONGENERS
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APPENDIX D

D. A. Abramowicz et al., Environ. Sci. Technol. 27, 1125-1131 (1993).
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Factors Influencing the Rate of Polychlorinated Biphenyl Dechlorination in

Hudson River Sediments

MﬂkWM'MdihmHMMVmMMEMLW
BMW,WMMRMMWMRWW.

Schenectady, New York 12301

The altered distribution of polychlorinated biphenyls
(PCBs) observed in aquatic sediments due to anaerobic
microbial activity displays a depletion of highly chlorinated
PCB congeners with corresponding increases in the lower
chlorinated PCBs. Labaratary experiments demonstrated
PCB dechlorination over a broad range of PCB concen-
trations (20~-1500 ppm) and conditions. The observed rate
of anaerobic PCB dechlorination in Hudson River, NY,
sediments was most significantly affected by PCB sedi-
ment concentrations in both laboratory experiments and
in the environment. Therefore, these laboratory obser-
vations are consistent with the extent of PCB dechiori-
Dnation occurring naturallyin Hudson River sediments and
other aquatic sediments. Additions of various nutrients
and surfactants resulted in inhibition or only minor (2-
fold) rate accelerations compared to unamended sedi-
ments. The addition of vitamin B, inhibited PCB
dechlorination rates 3-fold with an apparent K; of 100
#g/L. Dechlorination of aged PCBs occurred at rates
comparable (80%) to that of freshly spiked material.

Introduction

Polychlorinated biphenyls (PCBs) are a family of
compounds produced commerciaily by the direct chlori-
nation of hiphenyl, with 209 different PCB congeners
poesible (7). PCBswere manufactured and sold as complex
mixtures differing in their average chlorination level under
various trade names (Aroclor, Phenociar, Pyralene, Clo-
phen, and Kanechlor). Because of excellent flame resis-
tance, electrical properties, and chemical stability, PCBs
found application in a wide varisty of industrial uses
including heat-transfer fluids, hydraulic fluids, solvent
extenders, plasticizers, flame retardants, organicdiluents,
and dielectric fluids (7).

In a 50-year period, approximately 1.4 billion pounds
of PCBs were produced. Such extensive application of
these chemically and thermally stable compounds has
resulted in widespread contamination (2,3). Itisestimated
that several hundred million pounds have been released
to the environment (). Most of the environmental
contamination by PCBs is in the form of complex
commercial mixtures (e.g., Aroclor 1242) containing >60
different PCB congeners with varying degrees of chlori-
nation.

The aerobic bacterial biodegradation of PCBs is widely
known and has been well studied (5-8). Several micro-
organisms have been isolated that can serobically degrade
even hexachlorobiphenyis; however, most PCB-degrading
aerobic bacteria are able to degrade only the lower
chiorinated PCB congeners. Recently, microbialanaerobic
dechiorination of even highly chlorinated PCBs has been
demonstrated. These two naturaily occurring processes

* Author to whom inquires should be directed: telephone, (518)-

387-7072; {ax, (518)387-7611.

are complementary, and sequential treatment of PCB
mixtures may result in mare complete destruction (7, §).
The altered congener distribution of residual PCB con-
tamination observed in several aquatic sediments is
evidence of widespread microbial reductive PCB dechlo-
rination in these environments (9-12). This process
hvolveathsuhcﬁvemovdofm—undp-chloﬁne.
resulting in the depletion of highly chlorinated PCB
congeners with correspanding increases in lower chlori-
nated, ortho-substituted PCBs. This same activity has
been observed in the Iaboratory (13-16), where the selective
removal of m- and p-chlorines was also noted.
'l'hilpaperwillfomaonreeantﬁndingsinvolvingfactm
that influence the rate of PCB dechlorination in
experiments with Hudson River sediments and how these
mnhempmwithdoummtedenvimnmennlchangu
Itis not clear what effect PCB concentration may have or
PCB dehaiogenation rates from previous studies. This

Materials and Methods

Sediment Collection. The sediments were collected
and stored until use in sealed vessels at 4 *°C. Aroclor
1242 contaminated sediment (~20 ppm) was taken from
thauppuwﬂdmm River at river mile 193.5 (H7 site) near
Fort (9). All experiments involving the use
of PCB-contaminated Hudson River sediments were
performed using only H7 sediments. The PCBs in this
!ed?nmthdalmdybommﬁvdydechlor‘inaudby

similar to Aroclor 1248. Clean (containing <1 ppm PCB)
sediment was obtained from the upper Hudson River at
river mile 205, nesr Carinth, NY (Spier Falls site).
AnserehicDechlorination Studies. All experimental
procedures and sampling were performed in an oxygen-
free atmosphere (35% N, 5% Hy) within a glovebox. The
wet sediment was mixed with liquid medium ata 2:3 ratio
(v=v) to produce 2 sediment slurry from which aliquots
were removed while mixing to obtain reproducible sam-
pling. Unless otherwise stated, the medium consisted of
apreviously described revised anaerobic minimal medium
m'iﬁmtﬁmphuphmbuﬂ‘er,minenhdm,
and trace metals modified with Zehnder and Wuhrmann
(17, 18) reduced with 0.1 % L-cysteine hydrochloride. The
slurry was tzansferred into serum bottles (2 mL) into 10-
mL serum bottles or 30 mL into 50-mL bottles) with a
sterile, nitrogen-flushed, wide-bore pipet. Samples were
cﬁmplnhdwithTeﬂnn-lineduptn(WheamnSdenﬁﬁc).
vigorously vortexed for 1 min, and incubated statically in
the dark at 23 °C. Identical samples autoclaved contin-



uously for 3 h at 121 °C served as controls. These
autoclaved controls remsined stable and inactive through-
out the course of the experiments.

PCB addition to samples was performed from a con-
centrated PCB solution prepared in acetone. Aliquantsof
a complex PCB mixture of Aroclors 1242/1254/1260 (7:
2:1) or of a single PCB congener solution (2,3,4,3',4"-
pentachlorobiphenyl) were added to the sediment slurry
to a final PCB concentration of 20~1500 ppm (ug/mL)
PCB. PCBs (Aroclor mixtures and single congeners) were
purchased from AccuStandard (New Haven, CT).

RAMM minus metals in the amendments study con-
sisted of RAMM lacking the trace metals component.
Bactofluid thioglycollate medium with beef extract (Difco
Laboratories, Detroit, MI) was added to an aqueous final
concentration of 1.0 mg/ml. Variousnonionic detergents
were investigated, such as Triton X-100, X-405, and X-750
(Rohn and Haas, Philadelphia, PA) at a concentration of
600 ppm, while sodium dodecyl benzene sulfonate (SDBS)
was the anionic detergent used at the same concentration.
Vitamin B;, (Sigma Biochemical Co., St. Louis, MO)
addition to the sediment slurry was an aqueous solution.

PCB Extraction. Extraction of PCBs from 2-mL
sediment slurry samples involved extraction of the entire
serum bottle and contents with 6 mL of diethyl ether (3:1
ratio, v:v). For the larger 30-mL slurry samples, serum
bottles were returned to the glovebox, vortexed for 30 s,
and immediately uncapped, and a 1-mL aliquot was
withdrawn with a wide-bore pipet. These serum bottles
were then resealed and again stored stationary in the dark
at 23 °C for additional time points. This 1-mL sample
was then extracted by addition of 3-5 mL of diethyl ether.
Both extractions, 2-mL sediment slurry samples and 1-mL
samples from 30-mL sediment slurries, yielded >95%
recoveryof the PCBs. Approximately0.5mL of elemental
mercury/mL of sediment siurry was added to the ether/
sediment mixture to remove elemental sulfur and other
sulfur compounds present in sediment that can interfere
with PCB analysis with an electron capture detector.
Extraction vials were sealed, shaken vigorously for 12-16
h on a horizontal shaker, and centrifuged at 170g for 30
min, and the ether phase of the supernatant was removed
for subsequent gas chromatographic analysis.

Gas Chromatography. The ether phase was diluted
with additional diethyl ether to a final PCB concentration
of 1-10 ppm. This solution was analyzed by capillary gas
chromatography with an electron capture detector (Varian
Instruments, Walnut Creek, CA) on a fused silica capillary
column (30 m X 0.25 mmi.d.) coated with a 0.25-um bonded
liquid phase of DB-1 (polydimethyisiloxane, J&W Sci-
entific, Folsom, CA). The sample injector and detector
were maintained at 300 °C; the column underwent a
temperature profile of 160 *C for 3 min, ramp to 200 *°C
at arate of 2 °C/min, and a final ramp to 280 °C at a rate
of 8 °C/min. Peak identities and individual response
factors were determined for the 118-peak profile as
previously described (11).

Chlorine Loss Determination. The average number
of chlorines per biphenyl in the PCB mixtures was
determined to compare the rate and extent of dechlori-
nation. The dechlorination rate was defined as the
micromoles of chlorine released per gram of sediment per
unit of time. The dechlorination rates were quantified by
determining the direct loss of chlorines, represented by
the average number of m-chlorines plus p-chlorines per
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FRgure 1. Effect of PCB concentration on the rate of PCB dechiarination
in Hudson River sediment (20— 1500 ppm PCB mixture of Arocior 1242/
1254/1260). Dechiorination was monitored by the change in m- and
p-chicrine levels in the PCB mbxture.

biphenyl in the Aroclor mixture, The relative contribution
of different PCB congeners in coeluting gas chromato-
graphic pesks in the original Aroclor mixtures was
determined by using the Hall electrode and mass spec-
trametry performed by R. J. May at the General Electric
Research and Development Center (11, 14). No attempt
was made to confirm these relative contributions upon
anaerobic dechlorination.

Results

Concentration Effect. PCB dechlorination was ob-
served in laboratory experiments over a broad range of
PCB concentrations, including 20-1500 ppm using the
addition of a PCB mixture comprising Aroclors 1242, 1254,
and 1260 as shown in Figure 1. Significant decreases in
the average chlorine level with time indicate that dechlo-
rination occurs even at the lowest concentrations. Indeed
thegreatest changesin the average m- and p-chlorine level
were observed at the lowest PCB concentration investi-
gated (20 ppm). The average number of o-chlorines per
biphenyl remained unchanged under all conditions. This
result differs fram the earliest report of anaerobic PCB
dechlorination, where no significant dechlorination was
observed at low concentrations of 14 ppm, whereas
dechlorination was observed at 140 and 700 ppm (13).
PCB dechlorination in these experiments was observed
after 4 weeks, and the rates remained constant for all PCB
concentrations. Figure 1 appears to indicate that PCB
dechlorination is slower at higher PCB concentrations;
however, this is not the case. Actual dechlorination rates
at various PCB concentrations can be determined by
calculating total moles of chlorine removed over time per
unit of sediment (Figure 2). The most rapid specific
activity was observed at the highest concentrations (>750
ppm). Dechlorination rates are independent of PCB
concentration at these higher concentrations, while a nearly
linear relationship is noted between 0 and 250 ppm PCB.

Nutrients. The addition of a minimal medium
(RAMM) to the sediment resulted in a 2-fold increase in
the rate of dechlorination and a 2-fold decrease in the lag
period as compared to the addition of only distilled water
to the Hudson River sediment (Figure 3). This resuit
suggests that a nutrient presentin RAMM may be limiting
in upper Hudson River sediment. Sea salt completely
inhibited dechlorination in the freshwater upper Hudson
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Figure 2. Relationship between PCB dechiorination rate and PCB
concentration in Hudson River sadiment after 23 weeks, as measured
by the total moies of chiorine removed per unit of sediment.

1.90

.70+

1.50

130 +

1.10

Chlorine/Biphanyl (m+p)

0.90

0.70

. i N i A b

10 12 14 16 18

Time (wesks)

Figure 3. Effect of amendments on PCB dechiorination rates. Al
sampies contain 500 ppm PCB mixtwre (Arocior 1242/1254/1260).

River sediments. With the addition of a complex carbon
source to the RAMM, e.g., fluid thioglycollate medium
with beef extract (FTMBE), the lag period wasshortened,
ifnot totally eliminated, and dechlorination rate increases
were comparable to those observed with RAMM alone.
Removing the metals from RAMM did not affect the lag,
but did have a slight negative effect on the rate and extent
of dechlorination. At later time points, more extensive
dechlorination occurred in the water-only sample (data
not shown).

Single congeners can be utilized to asseas the effects of
various sediment amendments, to determine the pathway
of dechlorination, and to measure specific dechlorination
rates. The stepwise dechlorination of the single congener
2,3,4,3’,4’-pentachlorobiphenyl (2,3,4,3,4’-CB) observed
in Hudson River sediment with complete RAMM is shown
in Figure 4. The dechlorination activity demonstrates a
sequential and selective pathway. Attheend of 12 weeks,
the distribution of PCB congeners included <1% of
2,4,3,4’-CB, 5% of 2,4,3'-CB, 21% of 2,3"-CB, and 29% of
2-CB with 44% of the starting penta-CB (2,3,4,3',4-CB
remaining. This result demonstrates chlorine removal
exclusively from the metal and para positions as was
observed naturally in the river sediment (10). Strong
selectivity was observed for each individual step; for
example, 2,4,3’,4-CB is the only detectable tetrachlori-
nated product from 2,3,4,3',4-CB with Hudson River
sediments, and it is produced in stoichiometric amounts.
The end result of this process is the complete conversion
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of a pentachlorobiphenyl via selective removal of all the
m- and p-chlorines into a monochlorobiphenyl that can
be easily metabolized by aerobic bacteria..

Individual RAMM components were added in various
combinations and concentrations to further investigate
the stimulation of dechlorination of 2,3,4,3’,4’-CB observed
withwhole RAMM. Thereductant cysteine hydrochloride
was present in all cases. Note that the addition of the
trace metals Zn(Il), Cu(@), Ni(l), Se(Il), and B(I)
correlated with nearly a 2-fold increase in the rate of
2,3,4,3,4'-CB dechlorination. This rate acceleration is
similar to that observed with whole RAMM (Figure 3)
and is independent of the other components of RAMM.
This accelevation suggests that one or more of these trace
metals may vepresent a component that limits maximal
PCB dechlorination rates in Hudson River sediment. Note
that the selective pathway for 2,3,4,3’,4’-CB dechlorination
was identical under all conditions in these experiments.
This unaitered ificity under a variety of conditions
suggests that the same PCB dechlorinating microorgan-
ismsareactive. Althoughtherateacceleration here closely
resembles that observed when RAMM itself was tested
against Avoclor mixtures, the effects may differ with
different comgeners or microbial populations.

The ability of Hudson River sediment uncontaminated
with PCBe (Spier Falls) to demonstrate PCB dechlori-
pation activity was also investigated in this laboratory.
Both Spier Falls and Hudson River (H7) sediments were
spiked with the single congener 2,3,4,3',4’-CB. Dechlo-
rination wasdetected in PCB-contaminated H7 sediment
within 4 weeks (Table I) and after 18 weeks in the
uncontamimated Spier Falls sediment. Therefore, PCB
dechlorinstimgmicroorganisms are certainly present even
inuncontsmsinated sediments. The longer lag times before
the activitywas observed is consistent with a lower initial
concentratiss of these microorganisms in the uncontam-
inated envisonment.

Envirosssentally Transformed PCBs. Itispossible
that biodepradstion studies on soils spiked with PCBs
may not prowide accurate kinetic data for similar exper-



Teble . Comparisen of PCB Dechlorination Rates
Observed with PCB-Contaminated (H7) and
Uncontaminated (Spier Falls) Hudson River Sediments

(500 ppm 2,3.4,3',4'-CB Added)
4 dechlorination
time (wk) contaminated uncontaminated
0 0.0 0.0
4 5.0 0.0
8 19.7 0.0
12 23.6 0.0
18 ND* 9.0
32 90.0 182
¢ ND = not determined.
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Figure 5. Dechiorination of PCB-contaminatad Hudson River sadiment
(24-week timepoint, H7 site). (Panel A) autociaved control (Panel B)
Experimental. (Panel C) Ditference (peak 2 = 2-CB, peak § = 2.2-
and 2,6-CB).
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iments on aged PCB contamination. However,it hasbeen
demonstrated in these experiments that anaerobic mi-
croorganisms can dechlorinate such aged, environmental
PCB contamination in several PCB-contaminated sedi-
ments, including PCBs from the Hudson River (Figure 5)
and the South Glens Falls Drag Strip (Figure 6). These
results are not surprising, since there exist several examples
of natural, environmental dechlorination in PCB-con-
taminated sediments (9-12, 19). The observed dechlo-
rination activity attacks nearly all of the more highly

76

]
2 ¢ A
i, |,
oL Ll L .
[ ] ' b ] L -] [ ] ' 6 ' b
L. | B
i |
otllal
] 0 «© [ ] ®n 00
b7 3
- C
2 V31
— [
e A
Pask Number in D81 (T75-peak prefile)

Figure 8. Dechiorination of PCB-contaminated South Glens Falls sol
amended with 25 % Hudson River sediment (24-week timepoint). (Panel
A) Autociaved control. (Panel B) Experimental. (Panel C) Difference.

chlorinated PCB congeners (difference plot in Figure 5
and 6) and is, therefore, quite broad in its specificity. By
24 weeks with Hudson River sediments, the 2-CB has
increased from <3 to >12 mol % and the 2,2'- ad 2,6-CB
have incressed from 39 to 51 maol %. Note that no ortho
dechlorination was detected and that lower chlorinated
ortho-enriched congeners accumulated. With Hudson
Riversediments, the existing PCB contamination already
displays evidence of significant PCB dechlorination (Fig-
ure §A). The additional dechlorination detected in the
laboratory on this aged PCB material (Figure §C) is similar
in specificity to the extensive dechlorination pattern
observed in upper Hudson River sediments, environmental
pattern C (10).

The dechlorination rate with this aged contamination
is comparable to that observed with Hudson River
sediment spiked with PCB mixtures. The aged sample
contained approximately 20 ppm of a dechlorinated PCB
mixture originally contaminated over 15 years ago, which
decreased from 2.55 to 2.23 total average chlorines per
biphenyl within 24 weeks (0.0133 chlorine/week). The
freshly spiked 20 ppm sample decreased 0.80 chlorine per
biphenyl in 23 weeks (Figure 1, 0.0348 chiorine/week, no
ortho dechlorination). To directly compare these two
results, one must consider that 52% of the PCB congeners
in the aged sample contain only o-chlorines (peaks 2, 5,
and 10). No additional dechlorination of these PCBs is

since ortho dechlorination has never been
reported with Hudson River sediments. Therefore, only
48% of the PCBs in this aged sample can be further
dechlorinated. If all of the PCBs were available for
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Figure 7. Effect of datergents on the rate of dechlorination in Hudson

River sediment { Triton X series and sodium dodecyi benzene sulfate
(SDBS) 800 ppm; 500 ppm PCE mixture of Arocior 1242/1254/1260).

dechlorination, the expected rate would be 0.0277 chlorine/
week [(0.0133 Cl/wk divided by 0.48) 80% of the rate with
spiked PCBs].

The succeasful dechlorination of the aged Aroclor 1242
contamination in the drag strip soil demonstrates potential
application to contaminated soils as well as sediments.
The difference plot (Figure 6C) displays strong losses of
the more highly chlorinated congeners (peak 39 = 2,3,6,4"-;
peak 47 = 2,5,3',4’-; peak 48 = 2,3,6,2',5'-; and peak 50 =
23,3’ 4 CB)mththeproduchonofpnma.rﬂytn—md
dichlorinated products (peak 21 = 2,5,3'-; peak 22 =2,4,3'-;
peak 23 = 2,5,4’-; peak 24 = 2,4,4-/24,6,2-; peak25—
3,4,2-/2,3,3-/2,3,4-; peak 31 = 2,5.2',5-/2,.6,3",5'- mdpeak
32 = 24,2,5-CB).

Other Factors. Other agents mvestlgated for their
effect on PCB dechlorination rates in Hudson River
sediment include nonionicand ionic high malecular weight
surfactants (e.g., Triton X series, and sodium dodecyl
benzenesulfonate (SDBS), respectively). SDBS (600 ppm)
completely inhibited dechlorination, while Triton X-100
and both controls (without detergent) became active after
8 weeks (Figure 7). Live controlsinclude complete RAMM
with no other additions. Triton X-100 and X-405 de-
pressed the observed rate of dechlorination approximately
8-fold. In contrast, high molecular weight Triton X-705
did not inhibit the dechlorination rate compared to the
controls and reduced the lag period 2-fold. Dechlorination
was more extensive at 12 weeks with Triton X-705 than
under any other conditions. Such conditions also stim-
ulated dechlorination in Woods Pond (Lenox, MA) sed-
iment (20). In general, as the molecular weight of the
nonionic Triton X surfactant increases, the lag times are
decreased, and dechlorination is no longer inhibited.

Itis known that corrinoids, including cobalamin vitamin
Bi2, can catalyze the reductive dechlorination of chlori-
nated organics in the presence of an electron donor (21,
22). Itispossible that these cobalt-heme coenzymes may
play an important role in anaerobic microbial PCB
dehalogenation as well (23). Therefore, the effect of
vitamin B;; on the rate of 2,3,4,3',4’-CB dechlorination
was investigated at several concentrations using Hudson
River sediment (Figure 8). The addition of vitamin B;,
inhibited dechlorination of 2,3,4,3',4’-CB with an apparent
inhibitory concentration (K;) of approximately 100 ug/L,
although complete inhibition was not observed.
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Discussion

Anaerobic microbial dechlorination of a variety of
chlorinated aromatic compounds is well known; a review
of the anaerobic dehalogenation of pesticides, chloroben-
zoates, chlorophenols, chloroanisoles, and herbicides has
recently been published (24). Moreover, the microbial
dechlorination of PCBs first discovered in the environment
(9-11) has now also been observed in the lahoratory (13-
16, 25, 26).

Dechlorination Rate Enhancement. The rate of PCB
dechlormnnoanudsonvaeraedxmenmeanbeaffected
by various factors, with PCB concentrations being most
significant. There is a ugmﬁennt increase in dechlori-
nation rates as measured by the direct chiorine removal
with increasing PCB concentrations (see Figure 2). The
observed rate of dechlorination is nearly linear until a
threshold is reached (>250 ppm) where the rate is
independent of PCB concentration. Thislaboratory result
may be important to help understand the natural rates of
dechlorination occurring in Hudson River sediments. In
these sediments, PCB concentrations are generally below
250 and most are <50 ppm (dry weight). Direct corre-
Istions between PCB concentrations and observed rates
of dechlorination in the environment have been found,
with more extensive dechlorination noted at higher PCB
concentrations in the river. A greater percentage of
sediment samples displayed extensive dechlorination with
increasing PCB concentration, including 63%,65%,69%,
86%, and 93% of the 2000 samples containing 5~10, 10-
20, 20-50, 50100, and >100 ppm PCB, respectively (27,
28). In addition, this demonstrates that PCB dechlori-
nation occursat very low PCB concentrations (5-10 ppm),
consistent with the result dispiayed in Figure 2.

The curvedemonstrating the relationship between PCB
concentration and dechlorination rate (Figure 2) can be
closely fit to Michaelis-Menten kinetic parameters, yield-
ing a K., value of approximately 160 ppm PCB. However,
it must be recognized that the PCB mixture used in these
expmmentsnlnlnblamwaterwonlyememelylowlevels
(<1 ppm). Therefore, the added PCB level is not an
accurate indicstor of soluble substrate concentrations. The
relationship displayed in Figure 2 can more easily be
explained by simple physical partitioning of the substrate
between the aquecus phase and the solid organic phase of
the sediment. Using typical partition coefficients for
sediment orgamicmatter, concentrations of nearly 300 ppm
PCB would be required in the sediment to saturate PCB



levels in the porewater (29). The nearly linear trend
observed from 0 to 250 ppm correlates well with expected
substrate concentrations in the porewater. Ratesare thus
directly proportional to aqueous substrate concentrations,
with saturated PCB levelsin the aqueous phase at sediment
PCB concentrations greater than approximately 300 ppm.

Dechiorination was observed in sediments which had
received no amendments other than water, although with
a longer lag period (see Figure 3). At later time points,
the dechlorination continued in these sediments with
similar but less extensive changes than those observed in
the nutrient-supplement samples. These results are
consistent with the observation that unamended upper
Hudson River sediments undergo PCB dechlorination in
the environment (27, 28).

The effect of vitamin B, on the dechlorination rate is
shown in Figure 8. The decreased dechlorination activity
in these experiments may be explained by the known
inactivation of enzymes with vitamin B;, in the presence
of small molecular weight thiols (30-32). Harada and co-
workers showed that micromolar (uM) concentrations of
corrinoids like cyanocobinamide (factor B) and cobalamin
(vitamin B;2) inactivate papain and yeast alcohol dehy-
drogenase via the formation of mixed disulfides between
small molecular weight thiols and the enzrymes. The
medium utilized in this experiment contained added
cysteine, so that the inhibition of PCB dechlorination may
be explained by a similar enzyme inactivation. An
alternate explanation could involve naturally produced
thiols as the nucleophile responsible for the in vivo
dechlorination (e.g., lipoic acid). Thmls are known to be
involved in the direct nucleophilicdi of chlorine
from PCBs (33) and from chlorobenzenes (33-35). There-
fore, the added coenzyme could inhibit dechlorination by
inactivating the natural thiol nucleophile responsible for
chloride displacement via disulfide formation.

Conclusions. Support for ubiquitous anserobic PCB
dechlorination includes the presence of dechlorinating
microorganisms in PCB-free sediments (Table I), the
observation of PCB dechlorination in unamended sedi-
ments (Figure 3), the demonstration of dechlorination over
s wide range of PCB concentrations (Figure 2), the
documentation of widespread environmental PCB dechlo-
rination in Hudson River sediments (27, 28), and similar
environmental changes occurring at a number of other
sites (7, 8, 12, 19). Although sea salt inhibited dechlori-
nation in freshwater Hudson River sediments, PCB
dechlorination also occurs in marine environments (19).
Experiments on a variety of PCB-contaminated soils and
sediments have demonstrated that this anaerobic process
will effectively attack even aged PCB-contaminated sam-
ples at rates comparable to that observed with spiked PCB
samples.

The effect of PCB concentration on dechlorination rates
demonstrated in the laboratory is consistent with the
extent of dechlorination that has occurred naturally in
anaerobic sediments. Therefore, such laboratory results
help to explain factors governing the rate of environmental
transformations.

Widespread occurrence of anaerobic dechlorination in
different sediments and in uncontaminated sediments
indicates that it is a general phenomenon that occurs in
environments that differ greatly in their geography,
seasonal temperature, microbial population, PCB con-
centration, PCB composition, and organic content. Such
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widespread dechlorination suggests that either the dechlo-
rinating organisms are ubiquitous or, more likely, that
this process is part of a common biochemical pathway
found in many different anaerobic organisms.
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ACTIVATING MICROBIAL DECHLORINATION OF AROCLOR 1260
IN WOODS POND: A FIELD STUDY

Donna L. Bedard, Lynn A. Smullen, Kim A. DeWeerd, David K. Dietrich,
George M. Frame I, and Jan M. Principe

Environmental Laboratory
General Electric Corporate Research and Development
Schenectady, New York

Thomas O. Rouse, William A. Fessler and Jeffrey S. Nicholson

General Electric Pittsfield Environmental and Facilities Programs
Pittsfield, Massachusetts

INTRODUCTION

Woods Pond (Lenox, Massachusetts) is a shallow impoundment on the
Housatonic River. For many years PCBs accumulated in the pond as a result of their
release from now-discontinued GE transformer manufacturing operations in
Pittsfield, 11 miles upstream. In 1981 GE signed a joint consent order with the US
Environmental Protection Agency (EPA) and the Massachusetts Department of
Environmental Protection (DEP), and in 1990 signed another consent order with
DEP based on the Massachusetts Contingency Plan. GE has also received a RCRA
(Resource Conservation and Recovery Act) corrective action permit from EPA
Region 1. Thus GE is under federal and state orders to conduct investigations of
PCBs in the Housatonic River and to develop feasible alternatives for remediation, if
such is ordered.

The stages of this process are: (1) identification and full description of the
nature and extent of the contamination, (2) a full risk assessment to determine the
impact, if any, of the contamination on human health and on the river ecosystem, (3)
identification of alternatives for remediation, if required, and if so, (4) selection of
the best remediation alternative, and (5) implementation of the selected remediation
option.

Various options for remediation of PCBs in the Housatonic River and Woods
Pond were evaluated between 1981 and 1985, including dredging, rechannelling,
armoring, and sediment control. These options were unacceptable to the local
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public, and GE was asked to explore in situ bioremediation as a potential
alternative. For the last four years our laboratory has focused on finding ways to
accelerate the microbial dechlorination of PCBs in situ in Woods Pond sediments.

The PCB contaminant in Woods Pond sediments is Aroclor 1260 which is
comprised of mainly hexa- and heptachlorobiphenyls and was used in transformer
manufacturing operations from 1934 to 1972. Despite years in the sediments, the
PCBs show evidence of only slight environmental dechlorination. For that reason
Woods Pond offers a unique opportunity to investigate the parameters governing
anaerobic microbial dechlorination of PCBs in sediments.

GE has been granted approval by the US Environmental Protection Agency
under the Toxic Substances Control Act (TSCA) to conduct research and
development on a biological method for the elimination of PCBs in Woods Pond.
With this approval and the approval of the appropriate regulatory agencies of the
Commonwealth of Massachusetts, a bioremediation evaluation and test station was
installed in Woods Pond to examine the factors limiting in situ microbial
decomposition of PCBs and to explore the degree to which these limitations can be
overcome.

Our laboratory experiments have consistently shown that the indigenous
microorganisms in Woods Pond sediment can dechlorinate the Aroclor 1260
contaminant when 2,6-dibromobiphenyl (2,6-BB), particularly in combination with
disodium malate, is added to sediment slurries [Bedard et al., 1992]. The
dibromobiphenyl itself is rapidly dehalogenated first to 2-bromobiphenyl (2-BB)
and then to biphenyl. These results are consistent with the hypothesis that the
dibromobiphenyl selectively enriches the microbial population that can
dechlorinate PCBs, possibly by acting as a terminal electron acceptor. Alternatively,
the dibromobiphenyl may act to induce the enzyme(s) responsible for PCB
dechlorination, or it may act as both an inducer and an enrichment agent. The role
of the malate is not understood. Both the 2,6-BB and the PCBs are dehalogenated
more rapidly when malate is used in combination with 2,6-BB, but by itself malate
has no effect on dehalogenation.

The PCB dechlorination that results from the addition of dibromobiphenyl is
known as Pattern N, and is characterized by the selective removal of meta chlorines
that are adjacent to other chlorine substituents, particularly from 2345-, 245-, 234-
and 236-chlorophenyl rings. Because these are the most common ring constituents
in Aroclor 1260, this Aroclor is particularly susceptible to Pattern N dechlorination.
Pattern N dechlorination is manifested by a large decrease in the hexa- through
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octachlorobiphenyls and an accumulation of tri- through pentachlorobiphenyls
containing 24-, 25-, 26-, and 246- chlorophenyl groups. [Bedard et al., 1992]. The
resulting PCB mixture exhibits a lower persistence in human tissues, indicating an
overall reduction in its potential as a health hazard.

The discovery that 2,6-dibromobiphenyl activates microbial dechlorination of
PCBs in Woods Pond sediments was a crucial finding. It was also the first
demonstration of the favorable intervention of a chemical species in the anaerobic
dechlorination of PCBs where the intervening chemical itself is rapidly degraded to
innocuous products. The initial laboratory studies were done on a small scale
(30 ml) under carefully controlled conditions: constant temperature, periodic
mixing, etc. As a first step in assessing the feasibility of in situ bioremediation, we
felt that it was important to carry out in situ studies on a larger scale. These studies
will help to determine the effectiveness of chemical intervention in activating PCB
dechlorination under conditions where no attempt is made to control environmental
factors such as temperature, pH, microbial predation, aquatic biota, etc. In this
chapter we report the results of the first year of an on-going field test performed at
Woods Pond to determine if 2,6-dibromobiphenyl would activate the microbial
dechlorination of sediment PCBs in situ under ambient conditions.

Toxicity Assessment of 2,6-Dibromobiphenyl and its Products

When a new use is proposed for a chemical, that chemical should be
investigated for possible toxicity and adverse health effects. Because we proposed
to use 2,6-BB for in situ experiments in Woods Pond, GE retained several
consultants to provide an overview of available literature on 2,6-BB and to assess
whether the proposed use of 2,6-dibromobiphenyl in a field test at Woods Pond
would present a risk to human health. The consultants concluded, based on known
structure-activity relationships, that 2,6-dibromobiphenyl and 2-bromobiphenyl are
not acutely toxic, carcinogenic, promoters of two-stage hepatocarcinogenesis,
mutagenic or comparable to Firemaster BP-6, and that the proposed use of
2,6-dibromobiphenyl for the in situ test of PCB dechlorination at Woods Pond
posed no significant risk. The consultants' reports were presented to the New
Chemicals Branch and the Chemical Regulation Branch of the EPA. They ruled that
the proposed use c: 2,6-dibromobiphenyl in the Woods Pond field test was
acceptable.
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METHODS AND MATERIALS

Description of Caissons

The bioremediation and evaluation test station consists of six steel caissons
driven seven feet into the clay subsoil of the pond. Each six foot diameter caisson
encloses a depth of 18 to 24 inches of PCB-contaminated sediment and 24 to 30
inches of water overlying the sediment. The caissons are arranged in a rectangular
configuration (3 X 2) with the long side of the rectangle paralleling the northwest
shore of the pond. A work surface above the pond surface is provided by a railed
platform of steel grating surrounding the upper portions of the caissons. A forty
foot floating walkway with controlled access connects the platform to the shore. The
subsoil and a welded cover on each caisson provide a hydraulic seal and isolate the
contents of each cell from the pond. There are ports through each cover for a
thermocouple tree to measure water and sediment temperatures, a water level
monitor, a stirring motor, and for tubing and valves to introduce nitrogen and vent
methane and other gases. Each caisson was fitted with a pressure release valve set at
0.3 psi to prevent excessive buildup of methane.

The inside of each caisson was painted to reduce corrosion. The depth of the
sediment in the caissons used in the test was estimated to average 20 inches prior to
mixing. The water and sediment temperatures in the caissons were monitored using
thermocouples fixed to a support rod extending through a port in the caisson cover
and positioned in the water and near the top, middle, and bottom of the sediment.
A thermocouple tree with probes in the same positions was also installed in the
pond at the south side of the platform to monitor temperatures of the pond water
and sediments. The gas phase of each caisson was kept anoxic by purging the
headspace with nitrogen gas prior to and during sampling of the caissons.

Beginning of the Field Test

Only two caissons, one control and one experimental, were used in this phase
of the field test. These were located on the southeast side of the platform. Each
caisson contained approximately 400 Kg sediment (dry weight) and a total volume
of 3500 liters (water and sediment). One month before the field test, a variable speed
rotary mixer (Lightnin, Rochester, NY), fitted with a 17 inch impeller positioned in
the water column, was used to briefly suspend and mix the sediment in a controlled
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manner to make it as homogeneous as possible without disturbing the more
compact clay subsoil. The sediments were then allowed to settle. Initial sediment
cores were taken from the experimental and control caissons four days prior to the
addition of malate, acetone, and 2,6-BB.

A solution of disodium malate (1.99 M) was prepared by titrating L(-)malic
acid (97% purity, United States Biochemical Corp.) with NaOH to a pH of 6.55. Both
caissons received 17.5 L of the malate solution to yield a final concentration of
10mM. In addition, the experimental caisson received 365 g of 2,6-BB dissolved in
17 L of acetone (Nanograde, Mallinckrodt Specialty Chemicals Co., Paris, KY), and
the control caisson received 17 L of acetone but no bromobiphenyl. The
2,6-dibromobiphenyl was synthesized at the General Electric Corporate Research
and Development Center and purified to a level of 99.93% as determined by
GC/FID.

The additions were made to the caissons on June 8, 1992, which was designated
to- The sediments were suspended to form a slurry and a 5 gallon stainless steel
pressurized dispensing canister was used to add first the malate, and then the
acetone or 2,6-BB dissolved in acetone to the caissons. The canister was pressurized
under nitrogen and the chemicals were individually added to the slowly stirred
caissons over a period of 20 to 30 minutes via a dip tube 18" under the surface of the
water in order to ensure an even distribution. Positive nitrogen flow was
maintained throughout the procedure to eliminate the possibility of introducing
oxygen to the system.

Sampling

Gas samples were taken periodically from the headspace of the caissons prior
to opening the caissons for sediment samples. Hydrogen sulfide and carbon
monoxide were measured on site using a Gastech GX-91 four gas portable monitor
(Gastech Inc., Newark, CA). Methane, carbon monoxide, carbon dioxide, and
hydrogen sulfide were also monitored on site using Drager gas sampling tubes
(National Driger, Inc., Pittsburgh, PA). Acetone in the headspace was monitored
using Sensidyne gas sampling tubes (Sensidyne, Inc., Clearwater, FL). During the
first several months gas samples were also collected using a gastight syringe and
were transferred to evacuated crimp sealed culture tubes for quantitative analysis of
carbon dioxide and methane in the laboratory.

Core samples were collected through four separate six inch diameter sampling
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ports located on each caisson in a square array. A sampling pattern was designed to
permit access to samples in three concentric circles of 7, 11, and 15 inch radii about
each port center at the bottom of the sediment. In the outermost circle, samples
could be taken every 20°, and in the middle and innermost circles every 30° or 45°,
respectively. This sampling pattern enabled us to take 38 core samples from every
port while allowing 2 inches of space between adjacent samples in all directions,
thus ensuring representative samples. To access these positions, a system was
adopted using a 360° referenced guide that was placed over the port and a bracket
which could be set at a defined vertical angle to accurately guide the core sampler.
At each sampling one core was taken from each of the four ports of the caisson using
a 2 inch diameter lexan tube. Samples were taken from the outermost circles first
and the sample locations were selected from all available positions not previously
sampled. The tubes were driven several inches into the bottom clay to provide a
plug to retain the loose sediment. The lexan tubes were cut 2 inches above the
cediment level for each core sample, sealed with a plastic cap, transported to the
laboratory, and frozen in an upright position. Later, the subsoil plug was cut from
the darker sediment layer in each tube, and the sediment was separated into three
sections, typically six to seven inches each, (depending on the total depth of the
sediment core) and designated as the top, middle, and bottom sections, respectively.
Compression of the sediments did occur with time and this was taken into account
when the cores were sectioned. All sediment samples were kept frozen. Portions of
each core section were removed for analysis and the remainder were kept archived
in frozen storage for additional analysis as needed. Water samples were collected
for bromide and malate analysis and were kept frozen.

Analytical

Quantitative carbon dioxide and methane analysis. Carbon dioxide and
methane were measured using a Shimadzu GC-3BT gas chromatograph (GC),
(Shimadzu, Columbia, MD) equipped with a thermal conductivity detector. The
gas components were separated on a CTR-1 column (6 ft x 0.25 inch OD, Alitech,
Deerfield, IL) using helium as the carrier gas. Samples were quantified by
comparison with standard mixtures of 3.83% methane, 3.77% hydrogen, and 4.82%
carbon dioxide by volume in helium (Scott Specialty Gases, Plumsteadville, PA),
and additional standard mixtures (Scott Specialty Gases) containing 99.8% carbon
dioxide or 99.6% methane. A Hewlett-Packard 3393A integrator/recorder (Hewlett-
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Packard, Avondale, PA) was used for integration and quantification.

pH Analysis. The pH of the sediment and the water was monitored manually
using an Orion 250A pH meter (Orion Research, Inc., Boston, MA) fitted with a
Sensorex 4500 pH probe (Sensorex, Stanton, CA).

Bromide analysis. Bromide ion concentrations were determined using a
Waters 840 high pressure liquid chromatography system (HPLC) (Millipore, Waters
Chromatography, Marlborough, MA) equipped with an IC-PAK A anion column
(Waters) and a Waters 431 conductivity detector. Anions were eluted from the
column with a mobile phase of nanopure water containing 25% (v/v) glycerin, 2.5%
(w/v) sodium tetraborate decahydrate, 1.8% (w/v) boric acid, and 1.6% (w/v)
sodium gluconate. Quantification was done using a four point external calibration.

Malate analysis. L-Malate was analyzed using a Shimadzu LC-4 HPLC
system equipped with an Aminex HPX-87H ion exclusion column (BioRad,
Hercules, CA) and a Shimadzu muitiple wavelength spectrophotometric detector.
Organic acids were eluted with a mobile phase of 0.01 N H,SO, and their
absorbance at 214 nm was measured. Quantification was done using a four point
external calibration.

Extraction and Analysis of PCBs and Bromobiphenyls

We used two methods of extraction for our samples. Duplicate samples from
each level of sediment at each time point were extracted using a Soxhlet extractor
and a rigorous cleanup. These samples were extracted and analyzed in Pittsfield for
determination of PCB concentration and for monitoring the dehalogenation of
2,6-BB. Additional samples extracted by this method were concentrated 40-fold and
used for congener-specific GC-MS analysis at GE CRD. Congener specific GC-ECD
analysis of samples was done at GE CRD using samples extracted by a one-step ether
procedure.

Soxhlet Extraction. Wet sediment samples were extracted for 20 to 24 h with
2,2 4-trimethylpentane (isooctane, pesticide grade, EM Science, Gibbstown, NJ) in a
Soxhlet apparatus fitted with a Dean Stark trap to collect the water removed during
extraction. Octachloronaphthalene was added to the isooctane as a surrogate to
track recovery. The extracts were treated with triple distilled mercury to remove
clemental sulfur and then with concentrated sulfuric acid to remove polar

hydrocarbons.
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Ether Extraction. Wet sediment samples were extracted by vigorous shaking
for 16 to 40 h on a horizontal platform shaker with 5 volumes of anhydrous ether and
1/5 volume acid-cleaned copper filings (to remove sulfur). See Chapter 3 of this
report for a comparison of results obtained with the two extraction methods.

Determination of PCB Concentration in the Sediment. Total PCB concentration
in the sediment was initially determined by packed column chromatography based
on EPA method 8080. A Varian GC (Varian Instrument Group, Sugarland, TX)
equipped with an ECD, a 3% SP2100 1/8" X 6' stainless steel packed column
(Supelco Inc., Bellefonte, PA) and a Varian 8000 autosampler was used. An external
standard composed of Aroclors 1242 and 1260, 1:2, w/w was used, and
quantification was based on the analysis of Aroclors by Webb and McCall [1973].
When considerable dechlorination had occurred in the experimental caisson, this
method could not be used because the congeners produced by dechlorination do
not correspond to those in Aroclor 1242 (see Smullen et al., Chapter 3, this report).
Therefore, determination of PCB concentration in later samples was done by
capillary chromatography based on EPA method 8081. A Varian 3500 GC equipped
with an ECD, a fused silica capillary column (30 m by 0.25 mm, ID) coated with a
0.25 um bonded liquid phase of SPB-1 (polydimethylsiloxane, Supelco Inc.), a
Varian 8025 autosampler, and a Varian Maxima 820 data system was used. The
customized quantitative Woods Pond standard described in Chapter 3 [Smullen et
al.] was used. (Extracts of twelve samples taken from the experimental caisson
between days 21 and 52 were analyzed using both procedures. The results of the
packed column analyses averaged 1.9 ppm higher than those of the capillary
column analyses.)

Bromobiphenyl / Biphenyl Analysis. The dehalogenation of 2,6-BB to 2-BB
and biphenyl was monitored by GC-MS in the selected ion mode. Splitless
injections were done using a Hewlett-Packard 5890 GC equipped with a Hewlett-
Packard 5971 mass selective detector, a Hewlett-Packard 7673 autosampler, a
Hewlett-Packard Vectra data system, and a fused silica capillary column (30 m by
0.25 mm, inner diameter) coated with a 0.25 um bonded liquid phase of SPB-1
(Supelco Inc.). The ions monitored were m/z 312 and 310 for 2,6-BB, m/z 234 and
232 for 2-BB, and m/z 154 for biphenyl. Quantitation was done using a three point
calibration with 2-fluorobiphenyl (m/z 172) as an internal standard.
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Congeﬁer-specific GC Analysis of PCBs. The GC-ECD and GC-MS congener-
specific analyses for PCBs are described in detail by Smullen et al. and Frame,
respectively, in Chapters 3 and 4 of this report.

RESULTS AND DISCUSSION
Concentration Measurements: PCBs, Bromobiphenyls, and Biphenyl

The sediment in Woods Pond is a fine silt with high organic content including
5g/Kg dry sediment of an unidentified hydrocarbon oil. Previous sampling studies
in the pond have shown considerable heterogeneity in both PCB concentration and
PCB congener distribution (unpublished results). However, the two brief mixing
operations done before and at the time additions were made to the caissons were
sufficient to achieve a very homogeneous sediment PCB concentration, PCB
congener distribution, and, in the experimental caisson, 2,6-BB concentration in the
sediment. In the control caisson the average PCB concentration (calculated from 22
samples collected over the first 18 days) was 30.6 ppm on a dry weight basis, and
values for the top, middle, and bottom sections of the sediment were 33.4£2.1,
31.4+ 1.0, and 27.5 * 3.2 ppm, respectively. In the experimental caisson the average
PCB concentration was 26.0 ppm, with values of 27.0 £ 2.0, 259 £ 0.5, and
25.0 + 1.7 ppm for the top, middle, and bottom sections, respectively. The average
2,6-BB concentration in the experimental caisson as determined at the start of the
field test, was 880 ppm on a dry sediment basis, with values of 969 £ 77, 884 £ 93, and
809 + 106 ppm for the top, middle, and bottom sections, respectively. In all
instances there was a small concentration gradient from top to bottom. This
probably reflects both a higher PCB/BB affinity for the fines, which would tend to
settle at the top, and some mixing of the clay subsoil in the bottom samples.

Throughout the field test the total PCB concentration in the experimental
caisson did not change even though congener specific analysis by GC-ECD
indicated extensive PCB dechlorination had occurred. Averages calculated from
eight samples for each sediment level taken from the experimental caisson between
mid-October and April showed PCB concentrations of 28.7 + 2.1, 25.1 £ 24, and
10.9+ 5.8 ppm, for the top, middle, and bottom sections, respectively. The low
value and the large standard deviation in the bottom sample most likely reflect
substantial contamination of the bottom sediments with clay and sand from the
subsoil. A comparison of the PCB concentrations in the top two levels at the
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beginning of the experiment and in the later samples shows that there was no

significant change.
Headspace Gases, pH, and Malate Consumption

Headspace gases were essentially the same for both the experimental and the
control caisson. Methane was detected in both caissons at the first sampling on dav
2. Periodically, methane and carbon dioxide were analyzed quantitatively in the
laboratory. Methane was measured in both caissons at levels of 3 to 10%, during
July and early August. In mid-August through mid-September readings increased
to 41%. Carbon dioxide levels ranged from 0.6 to 2.5% in July and early August, and
then increased to 18 to 19% by mid-September. After this point, sampling was less
frequent and quantitative gas measurements of methane and carbon dioxide were
discontinued. Carbon monoxide was detected at levels of 5 to 20 ppm at all times
measured from late June to late October of 1992, but was not detectable in November
or January. No subsequent readings were taken. Hydrogen sulfide was detectable
only three times: September 9, 1992, at levels of 0.5 to 1.5 ppm, and July 7 and 28,
1993, at levels of 4 to 6 ppm.

The pH of the water and the sediment was checked periodically in the pond
and in both caissons. Although some pH fluctuations were seen, there was no
consistent trend. The pH of the water in the pond ranged from 7.14 to 7.50, with an
average value of 7.32. This was slightly higher than the pH of the water in the
caissons which averaged 7.16 for each caisson and spanned a range of 7.00 to 7.47 in
the control caisson and 7.00 to 7.57 in the experimental caisson. There was no
significant difference between the pH of the sediment in the pond and that in the
caissons. The average pH of the sediment was 7.05, and the range was 6.86 to 7.36.

L-Malate was added to both caissons in amounts calculated to yield a final
concentration of 10 mM. Unfortunately, no measurements were made to determine
the actual concentration. The only data available at this time are measurements
taken during the period of June 23 to July 6, 1992 (2 to 5 weeks after the addition).
During this time the malate concentration ranged from 0.87 to 0.72 mM in the control
caisson and from 1.14 to 1.01 mM in the experimental caisson. These data suggest
that roughly 90% of the malate had been consumed in the first two weeks and are
consistent with laboratory experiments in which most of the malate was consumed

within 48 hours.
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Temperatures

The temperatures of the water and sediments within the caissons closely
tracked those in Woods Pond throughout the experiment. The temperatures were
lower than expected because the summer of 1992 was the coldest in this region since
1946. The average air temperature for June, July, and August averaged 17.6°C
(63.7°F). The temperature trends at the various depths of the sediment closely
followed the pond water, but the sediment temperatures did not reach the extremes
of the water (Figure 2-1). The temperature near the top of the sediment hovered near
18°C (65°F) and the bottom ranged from 15 to 17°C during the summer months. In
the last two weeks of September the air temperature plummetted and the water
temperature dropped 11°C. A similar precipitous temperature drop was observed
in the sediments over the next three weeks, followed by a slow continued
temperature drop until February. In general, the layers of the sediment in closest
contact with the water were also the closest in temperature to the water. Hence,
during the cold months the top of the sediment was coldest, and during the summer
months it was the warmest. In January the top 6 inches of the water froze, and in
February and March the temperature of the uppermost sediments dropped as low
as 1°C, whereas the bottom sediments did not drop below 3°C. In mid-April, as
soon as the ice thawed, the sediments rapidly warmed and the top sediments again
became warmer.

Dehalogenation of 2,6-Dibromobiphenyl

We first detected dehalogenation of 2,6-BB to 2-BB at 15 days, and biphenyl was
first detected at all levels of the sediment at 21 to 24 days (Figure 2-2).
Dehalogenation progressed more rapidly in the top layer of sediment, presumably
due to the warmer temperatures there. The small concentration gradient of 2,6-BB
from the top to the bottom of the caisson may have been a factor as well. There was a
99% conversion of 2,6-BB to biphenyl in 78 days in the top layer of sediment and a
98% conversion to biphenyl by dayv 115 in the bottom layer. Trace amounts
(<20 ppm) of 2,6-BB were still detected at 170 days. Bromide ion was first detected
as a dehalogenation product in the water column at 32 days and continued to
increase slowly with time.

We have not completed our analyses of the total concentration of biphenyl
remaining at later timepoints and therefore will not address the fate of biphenyl

now.
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Figure 2-2. Time course of dehalogenation of 2,6-dibromobiphenyl at the top,
middle, and bottom of the sediment. Symbols: ®, 2,6-BB; A, 2-BB; and B, biphenyl.
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Dechlorination of PCBs

The PCB contaminant in Woods Pond was unaltered in the control caisson after
373 days (Figure 2-3A). Methanogenesis was observed in both caissons during the
summer months indicating that the anaerobic conditions required for PCB
dechlorination were evident, but the presence of a low reduction potential was not
sufficient in itself to promote PCB dechlorination in the control caisson.

In contrast, the experimental caisson showed a substantial change in the PCB
homolog distribution, resulting in decreases of 70, 57 and 27% in the hexa-, hepta-,
and octachlorobiphenyls, respectively, in the top layer after 93 days (Figure 2-3B).
The top sediment section showed a 61% decrease in the combined amounts of hexa-
through nonachlorobiphenyls; the bottom section was somewhat slower and showed
a 57% decrease in these homologs. The dechlorination of hexa-, hepta-, and
octachlorobiphenyls continued, yielding total decreases of 77, 75 and 50%,
respectively, in the top of the sediment after 373 days. At this point the combined
hexa- through nonachlorobiphenyls showed total decreases in the top and bottom
sections of 74 and 69%, respectively. The dechlorination of the more highly
chlorinated PCB congeners resulted in an accumulation of the tri-, tetra- and
pentachlorobiphenyls which accounted for approximately 75% of the total PCBs at
373 days.

Despite dechlorination of most of the pentachlorobiphenyls that were
originally present, the total amount of pentachlorobiphenyls increased slightly.
This is because specific pentachlorobiphenyl congeners were formed from the
dechlorination of the hexa- through octachlorobiphenyls, as shown by GC-MS
analysis (See Chapter 3, Figure 3-1).

The kinetics of PCB dechlorination in the experimental caisson show that the
combined mole percents of the hexa- through nonachlorobiphenyls decreased very
rapidly during the first hundred days of the field test (Figure 2-4). After this, the
dechlorination continued, but at a slower pace, probably reflecting both the drop in
temperature and depletion of the PCB congeners most susceptible to
dechlorination. During the winter months the dechlorination of PCBs in the top and
middle sections of the sediment nearly ceased. In contrast, PCB dechlorination
continued at a very slow rate throughout the winter in the warmer bottom section.
Because of this, the extent of PCB dechlorination in the bottom section was very
close to that of the other sections in April when the sediment temperatures began to

increase again.
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Comparisons of the PCBs prior to and 373 days after the addition of 2,6-BB show that
the average number of chlorines per biphenyl dropped 21%, from 5.83 to 4.61, and
the number of meta chlorines per biphenyl dropped 54%, from 2.14 to 0.99. The
number of para chlorines per biphenyl dropped only 6%, from 1.31 to 1.23, and the
number of ortho chlorines per biphenyl was constant at 2.39.

Congener Specific Analysis of PCB Dechlorination

Congener specific analysis of the Aroclor 1260 contaminant in Woods Pond
showed that the PCB congener distribution of the sediment PCBs prior to the
addition of 2,6-BB differed from that of unaltered Aroclor 1260. The tri- and
tetrachlorobiphenyls represented by peaks 17 through 33, and the
pentachlorobiphenyls in peaks 37A, 41, 44, 46A, 49, 54, and 55 (Figure 2-5, top) are
not present in Aroclor 1260. Their presence in Woods Pond sediment is evidence of
environmental dechlorination of more highly chlorinated PCB congeners prior to
the start of the field test [Bedard et al., 1990]. The average number of chlorines per
biphenyl is 6.35 for Aroclor 1260, but only 5.83 for the sediment PCBs. Thus, the
environmental dechlorination over the years has resulted in an 8% decrease in the
number of chlorines. Comparison of the number of ortho, meta, and para chlorines
per biphenyl in Aroclor 1260 and sediment PCBs indicates that a 14% decrease in the
meta chlorines (2.50 vs 2.14), and an 8% loss in para chlorines (1.42 vs 1.31) can be
attributed to environmental dechlorination. The number of ortho chlorines per
biphenyl is 2.43 for Aroclor 1260 and 2.39 for sediment PCBs.

The congener distribution of the sediment PCBs changed significantly during
the year after the addition of 2,6-BB, and at 373 days showed extensive decreases of
the highly chlorinated PCB congeners, as well as further increases in the same tri-,
tetra-, and pentachlorobiphenyl congeners that had previously been produced by
environmental dechlorination (Figure 2-5). This indicates that the Pattern N
dechlorination stimulated by the addition of 2,6-BB is a major component of the
environmental dechlorination that has occurred in Woods Pond sediment over the
years.

Four of the largest components of Aroclor 1260 are 245-245-CB (pk 79),
234-245-CB (pk 82), 2345-245-CB (pk 102), and 2345-234-CB (pk 106) (Figure 2-5 and
Table 2-1). Each of these major congeners was decreased by 76 to 91% and was
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TABLE 2-1. Mass balance of the predominant PCB congeners which were
dechlorinated or formed by dechlorination.

PCB Congeners Decreased PCB Congenars Formed
by Dechlorination by Dechlorination
Mass
D81 PCB { iniusl | Day 373 Observed Expected D81 Observed | Balance
Peak Congener I Amount | Amount Decrease Final Peak increase
' Number I Mol% | Mol% | Mol % Product Number Mol %
, :
61 ¢ 236-34 2.76 o5t | 2.25
103 | 2356-345 0.31 0.14 0.16
| sum 2.41 264 17 2.50 102%
60 236-236 103 | 028 0.76
78 ' 2356-236 1.11 0.61 0.49
. Sum 1.25 26.26 19 1.49 119%
a8A | 24-34 0.94 0.49 0.45
69 ' 245.34 1.46 0.11 1.35
74 234-34 0.14 0.01 0.13
95 2345-34 0.48 0.10 0.35
Sum 2.28 244 24 2.25 29%
'48B 236-25 2.00 0.00 2.00
64 2356-25 2.05 0.59 1.46
Sum 3.46 26-26 25 4.08 117%
488 245-26 0.22 0.00 0.22
69 1 236-245 6.68 0.50 6.18 24-28 26 11.14
71 2345-26 0.27 0.08 0.19 +
741 234-236 2.15 0.10 2.05 235-26 48A " 0.89
93 2345.236 2.61 0.39 2.22
Sum 10.86 12.03 111%
533 | 245.25 3.20 0.00 3.20 24-26 32 n
77 2345-25 1.28 0.00 1.28 235.25 5BA ¢ 0.44
| sum 4.48 5.1 115%
54 245-24 1.85 0.34 1.82
75 245.245 8.51 0.78 7.73
82 234.245 5.73 1.14 459
89 | 234.234 on 0.00 o.M 24-24 33 18.71
102 | 2345-245 7.40 1.77 5.62 .
106 | 2345-234 2.70 0.57 2.13 236-24 833 3.00
115 ; 2345.2345 1.27 0.68 0.59
! Sum 22.89 21N 95%
90 2346-245 1.66 0.37 1.29
95 ! 2346-234 0.73 0.15 0.58
110 2345-2346 0.47 0.22 0.25
110 23456-245 0.96 0.46 0.50
112 23456-234 0.61 0.26 0.35
Sum 2.97 246-24 4 3.12 105%
88 | 2356-245 3.44 0.89 2.55 236.24 a9 2.25
94 2356-234 1.61 0.26 1.35 -
109 2345-2356 1.18 0.52 0.66 235624 7% 2.61
Sum 4.56 4.86 107%
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TABLE 2-1 Footnotes:
1 Denotes one component of a peak containing more than one congener.

2 The calculated yield of 235-26-CB, based on 40% para dechlorination of 2345-26-CB and 2345-236-CB,
is 0.96 mole percent. Another 0.31 mole percent of 235-26-CB would be generated by the meta
dechlorination of 2356-235-CB (pk 85) (see text). Thus the calculated yield is 127 mole percent, which
agrees reasonably well with the observed increase of 0.89 mole percent.

3 This peak contains 245-25-CB and 235-24-CB. Based on chlorine substitution pattern, we have
assumned that essentially all 245-25-CB has been dechlorinated to 24-25-CB, and that 235-24-CB has been
formed by dechlorination, thus leading to a change in the composition of the peak. See text for
further discussion.

4 This peak is composed of 234-25-CB and 235-35-CB. Based on chlorine substitution pattern, we have
assumed that the increase in this peak is due to formation of 235-35-CB. The calculated yield of 235-35-
CB, based on 40% para dechlorination of 2345-25-CB, is 0.51 mole percent, which agrees well with
the observed increase of 0.44 mole percent. We have not included calculations for other congeners
carrying 2345-chlorophenyl groups because the portion of each attributed to para dechlorination is
less than 0.3 mole percent and would not significantly change the calculated mass balance.

5 GC-MS analysis indicated that 71% of this peak was 2356-24-CB (and the remainder pentachloro-
biphenyl) before the addition of 2,6-BB. At 93 days and later the peak contained only 2356-24-CB.

TABLE 2-2. Proposed route of dechlorination of chlorophenyl rings.

23456 —> 2346 —> 246

23456 —> 2356 —> 236 —> 26
2345 —> 245 —> 24

2345 —> 235

234 —> 24
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Figure 2-5. PCB congener distribution in the experimental caisson before and 373
days after the addition of 2,6-BB. Peak identifications are given in Chapter 3.
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dechlorinated primarily by the loss of all meta chlorines to 24-24-CB (pk 33), thus
accounting for the large increase in that tetrachlorobiphenyl. Several other
congeners were also dechlorinated to 24-24-CB, namely 245-24-CB (pk 54),
234-234-CB (pk 89), and 2345-2345-CB (pk 115). Table 2-2 shows the proposed route
of dechlorination for various chlorophenyl substituents of these and other
congeners.

Other prominent PCB congeners include 236-245-CB, the primary component
of peak 69, 234-236-CB (pk 74), and 2345-236-CB (pk 93). These were primarily
dechlorinated to 24-26-CB (pk 26), which accounted for 12.6 mole percent of the
PCBs 373 days after the addition of 2,6-BB. A third group of prominent PCB
congeners consists of 2356-245-CB (pk 88), 2356-234-CB (pk 94), and 2345-2356-CB (pk
109). Each of these congeners was dechlorinated to 2356-24-CB (pk 67) and 236-24-CB

(pk 49) (Table 2-1).
Mass Balance: Dechlorination Substrates and Products

Mass Balance: Meta Dechlorination. The mass balance of the predominant PCB
congeners that were dechlorinated or formed by dechlorination was calculated
(Table 2-1). The PCBs formed by dechlorination are composed largely of 24-, 26-,
25-, and 246-chlorophenyl groups which were produced by meta dechlorination. In
fact after dechlorinatior, more than 55 mole percent of the PCB congeners contained
at least one 24-chlorophenyl group, and 24-24-CB alone accounted for 22.2 mole
percent of the PCBs. However, although meta dechlorination accounts for about
93% of the observed dechlorination, it cannot fully explain all of the losses and
products seen.

Para Dechlorination Attributed to Pattern N. Our data indicate that 6% of the
total chlorine loss was from the para position. To better explain our data, we
propose that the 2345-chlorophenyl group was dechlorinated by either of two
distinct routes: (1) Meta dechlorination of the 2345-chlorophenyl group generated
24-chlorophenyl groups, and (2) para dechlorination generated 235-chlorophenyl
groups (Table 2-2). This proposal is consistent with our previous observations that
2345-CB can be simultaneously dechlorinated to both 235-CB and 245-CB by
microorganisms in Woods Pond sediment [Van Dort and Bedard, unpublished
data]. In addition, because the para chlorine in the 2345-chlorophenyl group is
flanked by two chlorines, it is a particularly good candidate for dechlorination.
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Supporting evidence for our proposal is presented below.

The assumption that only meta dechlorination occurred presents three
immediate problems. (1) The observed increase in 24-24-CB (18.71 mole percent)
accounts for only 82% of the observed decrease (22.89 mole percent) in those
congeners expected to be dechlorinated to 24-24-CB, leaving a discrepancy of 4.18
mole percent (Table 2-1). (2) Peak 53, which was initially composed of 90%
245-25-CB and 10% 235-24-CB [Schulz et al., 1989], increased from 3.55 to 4.63 mole
percent (Figure 2-5). It is unlikely that this increase was due to accumulation of
245-25-CB, because this congener should be readily dechlorinated to 24-25-CB.
Therefore, we would be unable to account for the increase. (3) In addition, the
observed increase (4.71 mole percent) in 24-25-CB (pk 32) cannot be accounted for
unless we assume that all of the 245-25-CB in peak 53 was dechlorinated.

All of these problems can be resolved if we assume that some para
dechlorination of 2345-chlorophenyl groups occurred. We shall address the
problems stated above in reverse order. In order to account for the amount of
24-25-CB formed, we have made the assumption that the composition of peak 53
changed during dechlorination. We propose that the 245-25-CB component of peak
53 (3.20 mole percent) was removed by dechlorination and was in turn replaced by
235-24-CB (4.28 mole percent) formed by dechlorination. This allows us to obtain a
mass balance for 24-25-CB (Table 2-1).

We must still account for the formation of 235-24-CB. This congener could be
formed by meta dechlorination of 235-245-CB (pk 73), 2345-24-CB (pk 79), and
234-235-CB (pk 80), but the total losses in these congeners add up to only 1.28 mole
percent, leaving 3.0 mole percent of 235-24-CB unaccounted for. We propose that
the remainder of the 235-24-CB was formed from 2345-245-CB (pk 102) and
2345-234-CB (pk 106) by para dechlorination of the 2345-chlorophenyl group and
meta dechlorination of the trichlorophenyl group. Since 2345-245-CB and
2345-234-CB together showed a net decrease of 7.75 mole percent, conversion of 3.0
mole percent to 235-24-CB would indicate that approximately 40% of the
2345-chlorophenyl group was dechlorinated by para dechlorination and 60% by
meta dechlorination. This is consistent with our previous observations that both
meta and para dechlorination of these congeners does occur in Woods Pond
sediment [Bedard et al., 1990].

We expect that other congeners bearing a 2345-chlorophenyl group would also
undergo some para dechlorination. Calculations for several of these congeners

appear in Table 2-1.
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We also propose that 23456-chlorophenyl rings were dechlorinated from the
para position 40% of the time. This is consistent with our previous observations of
concurrent meta and para chlorine losses from 23456-pentachlorobiphenyl
incubated in Woods Pond sediment slurries [Bedard et al., 1990]. These same
slurries manifested Pattern N dechlorination of the sediment PCBs.

Mass Balance: Para Dechlorination. We assessed whether the proposed para
dechlorination of 2345- and 23456-chlorophenyl groups was consistent with our
data, by comparing the overall loss of para chlorines per biphenyl with the amount
that would be expected based on the observed decreases in congeners that have
2345- or 23456-chlorophenyl groups.! The total mole percent decreases in the
congeners with 2345- and 23456-chlorophenyl groups were 14.63, and 1.80,
respectively. Therefore, if the para chlorine were removed 40% of the time, we
would expect a 6.57% decrease in the number of para chlorines per biphenyl. The
actual measured loss of para chlorines/biphenyl was 5.88%. Thus all of our
observations are consistent with the proposed para dechlorination of 2345- and
23456-chlorophenyl groups, although the actual proportion of para dechlorination
of these chlorophenyl groups may be closer to 36%.

Effect of the Unattacked Ring on Dechlorination of 236- and 2356-Chlorophenyl
Rings. The dechlorination of 2356-chlorophenyl groups to 236- and then
26-chlorophenyl also merits discussion. Although these chlorophenyl groups are
substrates for Pattern N dechlorination, it appears that the reactivity of these groups
can be negatively influenced by the chlorine substitution pattern on the opposite
ring, especially 24- and 26-chlorophenyl groups. The accumulation of 2356-24-CB
(pk 67) initially led us to believe that the 2356-chlorophenyl group was not a
substrate for Pattern N dechlorination. However, it is apparent from Table 2-1 that
the increase in 2356-24-CB accounts for less than 60% of the loss in peaks 88, 94, and
109. Apparently 2356-24-CB was further dechlorinated to 236-24-CB (pk 49), which
increased by 2.25 mole percent and accounts for the remainder of the loss of peaks
88, 94, and 109.

The accumulation of 236-24-CB was unexpected, because most congeners

1 We have assumed that the 2345- and 23456-chlorophenyl rings in all of these congeners were
dechlorinated. This assumption appears to be valid because there was no accumulation of any
congener containing either of these chlorophenyl groups.



containing 236-chlorophenyl groups were readily dechlorinated by dechlorination
of the 236-ring, e.g. 236-236-CB (pk 60), 236-25-CB (pk 48B), and 236-34-CB (pk 61). In
addition, other congeners containing 2356-chlorophenyl groups apparently lost both
meta chlorines from this group with no accumulation of the intermediate containing
the 236-chlorophenyl group. For example, 2356-25-CB (pk 64) was dechlorinated to
26-25-CB (pk 25) with no accumulation of the 236-25-CB (pk 48B) intermediate, and
2356-235-CB (pk 85) was dechlorinated to 235-26-CB (pk 46A) without accumulation
of the 235-236-CB (pk 65) intermediate. These data indicate that 25-, 34-, 235-, and
236-chlorophenyl groups do not hinder the reactivity of the 236- and
2356-chloropheny! groups. In contrast, the accumulation of 2356-24-CB and
236-24-CB indicates that the juxtaposition of the 24-chlorophenyl group decreased
the reactivity of the 236- and 2356-chlorophenyl groups.

There is also evidence that the 26-chlorophenyl group has a negative impact on
the reactivity of an adjoining 236- or 2356-chlorophenyl group. Peak 78,
2356-236-CB, was apparently dechlorinated by initial attack on the 236-ring
according to the following pathway: 2356-236-CB --> 2356-26-CB (pk 57A) -->
236-26-CB (pk 40/41) --> 26-26-CB (pk 19).2 Both intermediates, which contain
26-chlorophenyl rings, increased, suggesting that they were dechlorinated more
slowly than the parent congener, 2356-236-CB.3 The 236-26-CB was apparently
formed both as an intermediate in the dechlorination of 2356-236-CB and as the first
dechlorination product of 236-236-CB (pk 60). Since 236-236-CB decreased by 0.76
mole percent (Table 2-1), but 236-26-CB increased by only 0.32 mole percent
[Chapter 3, Tables 34 & 3-5], at least some of the 236-26-CB intermediate must have
been dechlorinated to 26-26-CB (pk 19). These data suggest that the 26-chlorophenyl
group may also adversely affect the reactivity of 236- and 2356-chlorophenyl rings.

It is clear that the 2356-chlorophenyl group is dechlorinated first to a 236- and
then to a 26-chlorophenyl group. However, it would appear that the juxtaposition
of a 24-chlorophenyl group, and to a lesser extent a 26-chlorophenyl group, with

2 A second possible dechlorination pathway is 2356-236-CB —~> 236-236-CB —> 236-26-CB ~> 26-26-CB.
However, the more rapid decrease of 236-236-CB (pk 60) relative to 2356-236-CB suggests that the
236-chlorophenyl group is more reactive than the 2356-chlorophenyl group, which in turn suggests
that the 236-ring of 2356-236-CB was probably dechlorinated first. This interpretation is further
supported by the partial accumulation of 2356-26-CB, and 236-26-CB, which are intermediates of the

pathway proposed.

3 Peak 57A is composed of 245-23-CB and 2356-26-CB which can be separated by GC/MS. Overall,
the peak decreases, but the amount of 2356-26-CB increases [Smullen et al., Chapter 3, Tables 34 & 3-5,

this report].
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either a 2356- or a 236-chlorophenyl group hinders meta dechlorination in this
system and results in partial accumulation of these intermediates.

Effect of Pattern N on 235-Chlorophenyl Rings. We are unable to accurately
determine from our data whether any dechlorination of 235-chlorophenyl groups
occurred because nearly all congeners containing this group coelute with other
congeners. Our laboratory experiments have shown that the dechlorination of
235-CB to 25-CB in Woods Pond sediment is possible, but that this dechlorination
requires a much longer acclimation period than the dechlorination of other
chlorophenyl groups and may reflect the activity of a distinctly different microbial
population than the one responsible for Pattern N dechlorination [Van Dort and
Bedard, 1991a].

Overall Mass Balance. The mass balances calculated for dechlorinated PCB
congeners and their proposed products ranged from 95% to 119% and showed
discrepancies of no more than 0.67 mole percent for all except the two groups of
congeners that generate 24-24-CB and 235-24-CB, and 24-26-CB and 235-26-CB (Table
2-1). The discrepancy for the latter congeners was higher, but was within 11% of the
expected value. These results demonstrate that both the quantities and the
chlorination substitution pattern of the PCB congeners formed in the field test are
completely consistent with Pattern N microbial dechlorination of the Woods Pond
sediment PCBs. The results also attest to the accuracy of congener assignments and
quantitation in our analytical method (See also Smullen et al., Chapter 3, this
report).

Effect of Dechlorination on Biodegradability

Aroclor 1260 is virtually nondegradable by aerobic bacteria because the high
degree of chlorine substitution precludes or greatly hinders the initial ring
oxidation by biphenyl dioxygenase [Bedard, 1990; Abramowicz, 1990; Furukawa,
1982]. In contrast, many of the PCB congeners produced by Pattern N
dechlorination, including the major product, 24-24-CB, can be at least partially
degraded by aerobic bacteria [Bedard et al., 1986; 1987; Focht, 1988; Bedard, 1990;
Furukawa et al., 1978; 1979]. '
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Effect of Dechlorination on Bioaccumulation Potential

There is concern that the PCBs which may pose the greatest potential health
risk, at least for some endpoints, are those which are not easily metabolized and
therefore persist and accumulate in human and animal tissues [Safe, 1984; Brown,
1992]. The susceptibility of PCBs to metabolism is a function of the number and
position of chlorines on the biphenyl ring. John F. Brown, Jr., has analyzed the
clinical data and literature reports of the metabolism of PCBs in human and animal
tissues and has assigned each of the congeners to a category based on its persistence
in humans, animals, and bioassays [Brown, 1992]. Table 2-3 compares the persistence
of the components of Aroclor 1260, the slightly dechlorinated Aroclor 1260 in
Woods Pond sediment, and the extensively dechlorinated Aroclor 1260 that resulted
from the addition of 2,6-BB. In unaltered Aroclor 1260, 45 mole percent of the PCB
constituents have a half-life of 10 years or more and are considered highly persistent.
An additional 16 mole percent have a half-life of at least one year and are considered
moderately persistent. The data in the column labelled Day -4 reflect the
composition of the sediment PCBs 4 days before the addition of 2,6-BB and
demonstrate the effect of environmental dechlorination. The environmental
dechlorination has decreased the most highly persistent PCBs by 26%, but nearly
50% of the PCBs in Woods Pond are still classified as moderately or highly
persistent.4 As a result of the dechlorination stimulated by 2,6-BB in the field test,
the highly persistent PCBs decreased by an additional 73% and the moderately
persistent PCBs by 56%, with the net result that 84.6 mole percent of the PCBs
remaining are only slightly persistent, i.e. are metabolized with a half-life of less than
one year in the human. Therefore, the PCB dechlorination stimulated by the
addition of 2,6-BB significantly reduced the mammalian bioaccumulation potential
of the sediment PCBs and any potential health risk associated with bioaccumulation

of PCBs.

4 These values are different than those reported last year largely because we are now using the more
accurate customized standard [Smullen et al., Chapter 3, this report] for quantification.
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TABLE 2-3. Effect of dechlorination on the persistence of PCBs in the human.

Mole % in Specimen

Dechlorinated Aroclor
Metabolic T1/2in | Aroclor 1260 1260 in Woods Pond
Susceptibility human Sediment
(yr)
+2,6-BB
Day -4 Day 373
Very rapidly cleared. < 0.01 0.0 0.0 0.2
Not seen in tissues.
Soon cleared. 0.01-0.10 12 4.7 23.7
Rarely seen in tissues.
Slightly persistent. 0.1-1.0 37.8 47.5 60.7
Barely detectable in
tissues.
Moderately persistent. | 1.0-10.0 16.0 14.6 6.4
Usually detected in
tissues.
Highly persistent. >10.0 45.0 33.2 9.0
Always detectable
after exposure.
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SUMMARY AND CONCLUSIONS

We have conducted the first in situ test of anaerobic dechlorination of PCBs in
contaminated sediment. We have successfully used a single addition of 2,6-BB to
stimulate microbial dechlorination of the Aroclor 1260 contaminant in caissons
installed in Woods Pond. The field test was conducted at ambient temperatures and
with no stirring after the initial additions. Dehalogenation of the 2,6-BB began
within two weeks, and by 78 to 115 days, 98 to 99% of the 2,6-BB had been
dehalogenated to biphenyl at all levels of the sediment. PCB dechlorination was
first observed at three weeks. The hexa- through nonachlorobiphenyls in the top 6
inches of the sediment decreased from an initial value of 68 mole percent of the total
PCBs to 26 mole percent at day 93, 22 mole percent at day 212, and 17.6 mole percent
at day 373. Corresponding increases were seen in tri- and tetrachlorobiphenyls.
The dechlorination progressed somewhat more slowly in the colder lower
sediments, but continued longer into the cold months, probably because the lower
sediments were not as cold as those at the top. The dechlorination was highly
specific for meta-chlorines positioned adjacent to other chlorines. By 312 days, the
PCBs in the lower sediments had been dechlorinated almost as extensively as those
in the upper sediments. Our data indicate that PCB dechlorination continued
throughout the winter, at least in the bottom of the sediment.

No dechlorination was observed in the control caisson, indicating that the
2,6-BB was responsible for stimulating the extensive PCB dechlorination observed in
the experimental caisson. These results also suggest either that environmental PCB
dechlorination in this sediment has ceased, or that it occurs at such a slow rate that
no significant changes could be detected in a year.

The PCB congeners generated by dechlorination in this field test are more
susceptible to biodegradation by aerobic bacteria and metabolism by higher
organisms, and are therefore less persistent in the environment and have a lower
potential for bioaccumulation.

The results of the first year of the field test are very encouraging. We have
demonstrated that it is possible to stimulate substantial microbial dechlorination of
highly chlorinated PCBs in situ with a single addition of a chemical that is degraded
to innocuous products and without temperature control. Our results also imply
that a single chemical intervention can have a long-term beneficial effect on PCB
dechlorination by indigenous microorganisms, even in a cold New England climate.
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INTRODUCTION

The microbial dechlorination that we have stimulated with 2,6-dibromo-
biphenyl (26-BB) in Woods Pond sediments removes primarily meta chlorines, but
only from positions that have adjacent chlorines [Bedard et al., Chapter 2, this
report]. Meta chlorines that have no adjacent chlorines, such as the chlorine on a
2,5-dichloro-biphenyl (25-CB) ring, are not removed, nor are ortho chlorines. Para
chlorines are removed, but only from congeners with a 2,3,4,5-chlorophenyl ring.
This pattern of dechlorination is known as Pattern N [Quensen et al., 1990; Bedard et
al., 1990; 1992]. Woods Pond samples that exhibit limited environmental
dechlorination of Aroclor 1260 via the loss of meta and para chlorines will be
referred to in this study as environmentally dechlorinated sediment PCBs. Woods
Pond samples that have undergone further meta dechlorination by the addition of
2,6-BB, will be referred to as Pattern N dechlorinated sediment PCBs.

*R.E.Wagner is now located at Northeast Analytical Laboratory, Schenectady, NY

113



Aroclors are complex mixtures of PCBs usually composed of 60-70 different
congeners. Congener specific analysis by capillary gas chromatography using an
electron capture detector (GC-ECD) and a mass selective detector (GC-MS) has
demonstrated that many of the PCB congeners produced by Pattern N
dechlorination are either not present in any of the Aroclors or present only in minor
quantities. These include, 26-26-CB (pk 19), 25-26-CB (pk 25), 24-26-CB (pk 26),
24-24-CB (pk 33), 246-26-CB (pk 37A), 246-25-CB (pk 43), 246-24-CB (pk 44), 246-34-CB
(pk 55), and 2356-24-CB (pk 67). In addition, some of these congeners coelute with
less chlorinated PCB congeners that are more prominent in the commercial
Aroclors. For example, two prominent products of Pattern N dechlorination,
25-26-CB (pk 25) and 24-26-CB (pk 26) coelute with trichlorobiphenyls in Aroclor
1260.

It was apparent that we could not accurately quantify dechlorinated sediment
PCBs in the field test using any single Aroclor or mixture of Aroclors as a standard.
We therefore developed a quantitative PCB standard that included Aroclor 1260,
plus all of the congeners formed in Woods Pond sediment by environmental and
Pattern N dechlorination.

MATERIALS AND METHODS

PCB Extraction and Qualitative GC-MS Analysis

Wet sediment samples (~30 grams) were mixed with anhydrous sodium
sulfate (~30 grams) and extracted three times by vigorous shaking for 1hour on a
horizontal platform shaker with 50 mls of a 50:50 (v/v) mixture of acetone/2,2,4-tri-
methylpentane (isooctane) (EM Science, Gibbstown, NJ). The combined extracts
were then brought to a 250 ml volume with isooctane. A portion of the combined
extract (25 mis) was solvent exchanged with 100% isooctane. The extract was treated
with triple distilled mercury to remove elemental sulfur and then with concentrated
sulfuric acid to remove polar hydrocarbons. The clean extracts were analyzed on a
Hewlett-Packard 5890 gas chromatograph (Hewlett-Packard Co., Palo Alto, CA)
equipped with a Hewlett-Packard 5971A mass selective detector. The column used
was a 30 m SPB-1 fused silica (polydimethylsiloxane) capillary column (0.25 mm ID
and film thickness of 0.25 um) (Supelco Inc., Bellefonte, PA). The samples were
compared to a standard mixture of 70% Aroclor 1242, 20% Aroclor 1254, and
10% Aroclor 1260 (70/20/10). Qualitative GC-MS selective ion monitoring (SIM)
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analyses were performed to determine the PCB homolog composition for each peak.
M]/z ratios monitored for the various homologs were: 188.0, 221.9, 255.9, 291.9, 325.8,
359.8, 395.8, 429.7, and 463.7 for mono- through nonachlorobiphenyls, respectively.

Original PCB Congener Peak Assignments

Brown et al. [1987b] found that the PCB components of all Aroclors could be
resolved into 118 peaks on a 30 m DB-1 fused silica (polydimethylsiloxane) capillary
column (0.25 mm ID and film thickness of 0.25 um) (J&W Scientific, Folsom, CA)
and have published peak assignments for all Aroclors. Seventy of their 160
congener assignments were based on co-injection of those congeners that were
commerdially available at that time with the Aroclors. The remaining assignments
were based on the relative retention times published for all 209 PCB congeners on a
slightly different column phase (SE-54, 95% dimethylsiloxane, 5% diphenylsiloxane
copolymer) [Mullin et al., 1984; Safe et al., 1985], and on assignments published by
Ballschmiter and Zell [1980], but with further refinements as follows. (1) Brown et al.
[1987] used GC-MS analysis to discriminate between non-isomeric coeluting
congeners in each Aroclor. (2) They also considered the relative proportions of the
individual chlorophenyl groups in each Aroclor, and concluded that several
coeluting isomers would be present at levels too low to be included as significant
peak components.

Verification of PCB Congener Assignments

Based on the congener assignments of Brown et al. [1987b], we identified 150
individual congeners as possible components of Woods Pond sediment PCBs.
These were purchased either in neat form (99% pure) or as 35 ug/ml solutions in
isooctane from either AccuStandard Inc., (New Haven, CT) or from Ultra Scientific,
(North Kingstown, RI). For determination and verification of retention times, hexane
solutions of the individual congeners were injected on a Hewlett-Packard 5890 gas
chromatcgraph equipped with an electron capture detector and a 30 m DB-1 fused
silica capiilary column (0.25 mm ID and film thickness of 0.25 pum) and a Hewlett-
Packard 7673 autosampler. The retention time of each individual congener was
compared to that of the assigned peak in the 70/20/10 Aroclor standard. Each
congener was chromatographed 2 or 3 times and the average retention times were
calculated. Original congener assignments [Brown et al., 1987b] were considered to
be correct if the retention times of the pure congener and the assigned peak agreed
within 0.05 minutes. Congeners that coeluted, per Brown et al. [1987b], were verified
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both individually and together in hexane solutions to determine if the combination
of congeners affected their elution time.

Quantification of Aroclor 1260

The weight percent contributions of the PCB components of each peak in
Aroclor 1260 were previously calculated [R.E. Wagner, J.C. Carnahan, RJ. May,
unpublished data)] by a modification of the method of Webb and McCall [1973). The
weight of chlorine per unit peak area was determined by using a Hall (instead of a
Coulson) electrolytic conductivity detector (Tracor Instruments, Austin TX) and
mass spectrograms of the isomer classes present in each peak.

Fifteen minor peaks representing 17 congeners of Aroclor 1260 had not been
previously quantified (Table 3-1). We prepared a quantitative standard of these
17 congeners in isooctane. This was used to generate a 3-point calibration curve
using GC-MS in the SIM mode. A known concentration of Aroclor 1260 was
analyzed, and the 15 minor peaks were quantified by reference to the standard curve
of the 17 congeners. The weight fractions of these 17 congeners in Aroclor 1260 were
calculated and are reported in Table 3-1. Together, they represent 4.99 weight
percent of the PCBs in Aroclor 1260. These data were combined with our previous
data [Wagner et al., unpublished data] to calculate the weight composition of
Aroclor 1260.

RESULTS AND DISCUSSION

Verification and Reassignment of PCB Congeners

GC-ECD and GC-MS were used to verify PCB congener assignments in
Aroclor 1260 and to determine which additional PCB congeners were present in
environmentally and Pattern N dechlorinated samples. A total of 160 congeners
were reported in the 118 peak method [Brown et al.,, 1987b]. We verified every
congener assignment in Aroclor 1260 and every expected Pattern N dechlorination
product of Aroclor 1260. Our results indicated that 15 of the 150 congeners that we
checked had been misassigned by one peak. In addition, seventeen congeners
previously believed to coelute are in fact separately resolved. For example,
25.25-CB and 26-35-CB which were originally assigned to DB-1 peak 31, are resolved
and have been reassigned to peaks 31A and 31B, respectively. Nine congeners
previously believed to separate actually coelute. For example, 24-35-CB and
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TABLE 3-1. Weight percent values for minor PCB congeners in Aroclor 1260.

DB1 PCB I[UPAC | Weight
Peak | Congener | Number | Percent
72/6 |2346-23 131 0.066
72/6 |235-235 133 0.066
74/5 |234-34 105 0.169
79/6 |2345-24 137 0.108
80/6 |234-235 130 0.108
81/7 |2346-236 176 0.550
83/6 |2346-34 158 0.768
89/6 |234-234 128 0.474
92/7 |23456-25 185 0.500
. 96/6 |234-345 157 0.106

96/8 |2356-2356 202 0.323
99/8 [2346-2356 201 0.269
101/8 |2346-2346 197 0.089
103/7 12356-345 193 0.419
104/7 |2346-345 191 0.150
105/8 |23456-236 200 0.634
111/7 |2345-345 189 0.189

total 4.988
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Figure 3-1. GC-MS SIM analysis of: (a) Aroclor standard 70/20/10; (b) Environmentally dechlorinated
PCBs from Woods Pond sediment; (c) Pattern N dechlorinated PCBs from Woods Pond sediment; (d)
Customized, quantitative, congener specific PCB standard for Woods Pond field test.
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(c) Pattern N dechlorinated PCBs

(d) Customized PCB standard
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TABLE 3-2. Revised PCB congener assignments for DB-1 fused silica capillary
column.

IUPAC PCB Original DB1 | Correct DB1
No. Congener | Assignment | Assignment
43 235-2 none 32
52 25-25 31 31A
73 26-35 31 31B
104 246-26 37 37A
44 23-25 37 378
68 24-35 40 40/41
96 236-26 41 40/41
58 23-35 45 44
94 235-26 46 46A
61 2345 47 468
98 246-23 49 48A
76 345-2 47 48A
66 24-34 48 48A
102 245-26 none 48B
a3 2356-2 48 48B
95 236-25 48 488
112 2356-3 55 56A
83 235-23 56 56A
109 2346-3 56 56B
97 245-23 57 57A
152 2356-26 57 57A
86 2345-2 57 57B
87 234-25 58 58A
111 235-35 58 58A
115 23464 58 588
139 2346-24 70 69
161 2346-35 73 74
137 2345-24 80 79
130 234-235 79 80
160 23456-3 82 83
157 234-345 97 96
204 23456-246 99 100
192 23456-35 100 101
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236-26-CB originally assigned to DB-1 peaks 40 and 41, respectively, coelute. The
peak has been renamed 40/41. All changes from the original assignments are
reported in Table 3-2. The original numbering system for the 118 peak assignments
was not changed, but in cases where additional peaks were positively identified, the
letters A and B were added to the previously assigned peak number.

The ability to resolve some closely eluting peaks appears to be a function of
the relative concentrations of the congeners in question and of the column
resolution. This is the case for DB-1 peaks 23 and 24, (25-4-CB and 24-4-CB), peaks
48A and 48B, (24-34-CB and 236-25-CB/245-26-CB), peaks 77 and 78, (2345-25-CB and
2356-236-CB), and peaks 81 and 82, (2346-236-CB and 234-245-CB/2356-34-CB/
236-345-CB). Peaks 48A and 48B, 77 and 78, and 81 and 82 are each composed of
congeners with differing homologs; tetra-CB and penta-CB, hexa-CB and hepta-CB,
and hepta-CB and hexa-CB, respectively. Although their resolution may be difficult
by GC-ECD it is easily achieved via GC-MS.

Identification of PCB Dechlorination Products in Sediment PCBs

We used GC-MS-SIM analysis to compare the PCB congener composition of
environmentally and Pattern N dechlorinated PCBs from Woods Pond sediment
with that of Aroclor 1260 (not shown) and the 70/20/10 Aroclor standard
(Figure 3-1A and 3-1B). For each sample all homologs are shown on the same scale in
order to show their relative proportions. We identified 34 PCB congeners in Woods
Pond sediment that were not present in Aroclor 1260 and four more that were not
present in Aroclor 1260 in sufficient amounts to accurately quantify the sediment
PCBs.

Many of these 38 congeners were present in Aroclor 1242 or 1254, but the
homolog composition was often radically different from that of the dechlorinated
sediment PCBs (Figure 3-1). For example: (1) Peak 19 (26-26-CB), a significant
Pattern N dechlorination product, was not present in the Aroclor mixture, making
its quantification impossible. (2) Peaks 25 and 26 in the sediment PCBs are
tetrachlorobiphenyls, 25-26-CB and 24-26-CB, respectively, which contain 3 ortho
chlorines each and accumulate to high levels. In contrast, peaks 25 and 26 in the
Aroclor mixture are each composed of trichlorobiphenyls, which contain only a
single ortho chlorine, 234-CB/ 23-3-CB/34-2-CB and 23-4-CB, respectively. Thus,
using an Aroclor based standard to quantify the dechlorinated PCBs would result in
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misreporting these tetrachlorobiphenyls as trichlorobiphenyls and would yield an
artificially low number of ortho chlorines suggesting that ortho dechlorination had
occurred. (3) Peak 33 (24-24-CB), is the major product of Pattern N dechlorination of
Aroclor 1260 (final expected value of 25.5 mole%). In the Aroclor mixture, this
congener is not present in a sufficient amount to accurately quantify the amounts
generated by dechlorination. (4) The pentachlorobiphenyl peaks 37A (246-26-CB), 41
(236-26-CB), 43 (246-25-CB), 44 (246-24-CB) and 55 (246-34-CB), are not present in the
Aroclor mixture making their quantification with an Aroclor standard impossible.
(5) Peak 67, 2356-24-CB is the major hexachlorobiphenyl formed (3.4 mole%) by
Pattern N dechlorination and contains no pentachlorobiphenyl. In contrast, peak 67
is an extremely small peak in the Aroclor mixture, composed of only
pentachlorobiphenyls, 235-34-CB/234-35-CB. Therefore, quantification of this peak
in Woods Pond sediments using an Aroclor standard is not possible. (6) In the
environmentally dechlorinated sediment PCBs, peak 69, 245-34-CB/236-245-CB,
contains 82% hexachlorobiphenyl and only 18% pentachlorobiphenyl. In the Aroclor
mixture, peak 69 contains more pentachlorobiphenyl than hexachlorobiphenyl
(exact percentages unavailable).

The differences in the congeners found in the dechlorinated sediment PCBs
versus the pure Aroclors can be attributed to the highly specific nature of microbial
dechlorination. Aroclors were prepared by a ferric chloride catalyzed chlorination
reaction. Consequently, congener distribution in the Aroclors is determined by the
general rules for electrophilic substitution. Certain chlorophenyl groups such as 25-,
245-, 2345-, 234- and 236-, are abundant, whereas others such as 24-, 246-, 26-, and 235-
are rare. Pattern N dechlorination is a highly specific type of meta-dechlorination
which generates primarily tetra- and pentachlorobiphenyls containing 24-, 246-, and
26-chlorophenyl groups. It is likely that other types of microbial dechlorination of
PCBs also generate PCB congeners that cannot be accurately quantified with
Aroclor standards. We expect this to be especially true for partial dechlorination of
Aroclors 1254 and 1260 because these Aroclors contain primarily penta-, hexa- and
heptachlorobiphenyls and can therefore be dechlorinated to tetra- and
pentachlorobiphenyls composed of atypical di- and trichlorophenyl rings.

Preparation of the Customized Standard
To prepare the customized standard, we combined Aroclor 1260, the 38

congeners identified as products of Pattern N dechlorination, and 7 congeners that
are frequently observed PCB dechlorination products in other locations, e.g., the
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Hudson River. The 7 congeners were added because if additional dechlorination
occurs (not Pattern N) these congeners may become important and may need to be
quantified. The 45 individual congeners were weighed on an analytical balance and
dissolved in isooctane. The relative amounts of the 45 congeners used in the
customized standard were based on estimates of the amounts present in the Pattern
N dechlorinated PCBs. Table 3-3 identifies all PCB congeners present in the Woods
Pond customized standard and gives the weight percent compositions of Aroclor
1260, the supplemental congener mix, and the final customized standard. The
original weight percent values for Aroclor 1260 [Wagner et al., unpublished data]
without the 15 minor peaks are also given. Two nonachlorobiphenyls 23456-2356-CB
(pk 113) and 23456-2346-CB (pk 114), were not quantified in the final customized
standard because they are present in Aroclor 1260 at <0.1 mole%. Aroclor 1260 and
the additional congener mixes were combined in the final customized standard in a
ratio that would permit quantification of all peaks ranging from Aroclor 1260 to
Pattern N dechlorinated Aroclor 1260 (Figure 3-1d). It should be noted that
236-246-CB (pk 55) and 245-246-CB (pk 62) were added in a separate solution. A
visual comparison of the homolog distribution between our customized standard
and the sediment PCBs in panels (b) and (c) shows that this standard can accurately
quantify the entire range of PCB congeﬁers in Woods Pond sediment including
Aroclor 1260 and the intermediate and end products of Pattern N dechlorination.

Data Reduction

Congener specific analysis of Woods Pond sediment PCBs is done by GC-
ECD as previously described. The data are collected using Dionex AI-450
Chromatography software (Dionex Corp., Sunnyvale, CA). The method uses a four
point external calibration (219 ppb - 3509 ppb range) with a quadratic fit forced
through zero. A four point calibration curve is needed to accurately quantify the
PCBs before and after dechlorination due to the large changes that occur in the
amounts of many congeners as a result of Pattern N dechlorination. This is clearly
illustrated by comparing the relative amounts of peaks 69, 75 and 82, the major
hexachlorobiphenyl peaks in Aroclor 1260, before and after 26-BB addition
(Figure 3-1b and 1c). These hexachlorobiphenyls are almost completely removed by
Pattern N dechlorination. Also note the relative amounts of peaks 26 and 33. Before
the addition of 26-BB these peaks were present, but in fairly low proportions.
Following Pattern N dechlorination (Figure 3-1¢), they are the two largest
components of the dechlorinated PCBs.
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TABLE 3-3. Congener identification and weight percent composition of Aroclor

1260 and the customized Woods Pond standard.

Onginal Revised |Wr% inthe | W% in
DB1 PK PCB IUPAC | W% 1260 |43 added Custom
Congener No. [in 1260 Wt% |congeners | Standard
2 2 1 3.26 2.29
4 4 3 3.32 2.34
5 2-2 4 3.18 2.24
7 2-3 6 1.91 1.35
8 24 8 2.16 1.52
10 26-2 19 1.54 1.09
1412 44 15 2.14 1.50
1473 25-2 18 2.16 1.52
1513 24-2 17 1.91 1.35
1673 26-3 27 1.69 1.19
1713 264 32 1.97 1.39
19/4 26-26 51 3.25 2.29
2113 25-3 26 1.62 1.14
2213 24-3 25 1.44 1.02
233 254 31 1.62 1.14
2413 244 28 1.54 1.37
25/4 25-26 53 261 1.84
26/4 24-26 51 5.59 3.84
29/4 23-26 46 1.56 1.10
314 25-25 52 2.04 1.44
31B/4 26-35 73 1.08 0.76
324 24-25 49 5.41 3.82
34 24-24 47 10.67 7.52
3TAS 246-26 1C4 1.56 1.10
378/4 23-25 sl 1.61 1.13
38/4 23-24 42 1.53 1.08
39/4 26-34 7 0.85 0.60
39/4 25-35 72 0.87 0.62
40-41/4 24-35 68 0.87 0.62
40-41/5 236-26 98 1.63 1.18
424 23-23 40 1.61 1.13
43/5 246-25 103 1.48 1.05
4475 246-24 100 3.33 235
46A/5 235-26 94 1.63 1.15
47 25-34 70 1.61 1.13
48A/4 24-34 66 1.62 1.14
488/5 236-25 a5 2.35 2.24 0.66
48B/5 245-26 102
49/5 236-24 91 1.56 1.10
50/4 23-34 56 1.48 1.04
50/4 234-4 60
51/5 235-25 92 0.63 0.60 0.18
51/5 236-23 B4
53/5 235-24 80
53/5 245-25 101 3.09 2.94 0.87
54/5 245-24 99 2.69 1.89
55/5 246-34 119 1.44 1.02
55/6 236-246 150 *0.58
57A/5 245-23 97 2.15 1.51
S57TA/6 2356-26 182 1.54 1.09
58A/5 234-25 87 0.66 0.63 0.18
S8A/S 235-35 111
60/6 236-236 136 1.53 1.46 0.43
61/5 236-34 110 1.47 1.40 0.41
62/6 245-246 154 *0.61

* these congeners were added in a separate solution
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Hudson River. The 7 congeners were added because if additional dechlorination
occurs (not Pattern N) these congeners may become important and may need to be
quantified. The 45 individual congeners were weighed on an analytical balance and
dissolved in isooctane. The relative amounts of the 45 congeners used in the
customized standard were based on estimates of the amounts present in the Pattern
N dechlorinated PCBs. Table 3-3 identifies all PCB congeners present in the Woods
Pond customized standard and gives the weight percent compositions of Aroclor
1260, the supplemental congener mix, and the final customized standard. The
original weight percent values for Aroclor 1260 [Wagner et al., unpublished data]
without the 15 minor peaks are also given. Two nonachlorobiphenyls 23456-2356-CB
(pk 113) and 23456-2346-CB (pk 114), were not quantified in the final customized
standard because they are present in Aroclor 1260 at <0.1 mole%. Aroclor 1260 and
the additional congener mixes were combined in the final customized standard in a
ratio that would permit quantification of all peaks ranging from Aroclor 1260 to
Pattern N dechlorinated Aroclor 1260 (Figure 3-1d). It should be noted that
236-246-CB (pk 55) and 245-246-CB (pk 62) were added in a separate solution. A
visual comparison of the homolog distribution between our customized standard
and the sediment PCBs in panels (b) and (c) shows that this standard can accurately
quantify the entire range of PCB congeners in Woods Pond sediment including
Aroclor 1260 and the intermediate and end products of Pattern N dechlorination.

Data Reduction

Congener specific analysis of Woods Pond sediment PCBs is done by GC-
ECD as previously described. The data are collected using Dionex AI-450
Chromatography software (Dionex Corp., Sunnyvale, CA). The method uses a four
point external calibration (219 ppb - 3509 ppb range) with a quadratic fit forced
through zero. A four point calibration curve is needed to accurately quantify the
PCBs before and after dechlorination due to the large changes that occur in the
amounts of many congeners as a result of Pattern N dechlorination. This is clearly
illustrated by comparing the relative amounts of peaks 69, 75 and 82, the major
hexachlorobiphenyl peaks in Aroclor 1260, before and after 26-BB addition
(Figure 3-1b and 1c). These hexachlorobiphenyls are almost completely removed by
Pattern N dechlorination. Also note the relative amounts of peaks 26 and 33. Before
the addition of 26-BB these peaks were present, but in fairly low proportions.
Following Pattern N dechlorination (Figure 3-1c), they are the two largest
components of the dechlorinated PCBs.
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TABLE 3-3. Congener identification and weight percent composition of Aroclor

1260 and the customized Woods Pond standard.

Onginal [Revised [Wt% in the W% in
DB1 PK PCB IUPAC W% 1260 43 added Custom
Congener No. {in 1260 W% |congeners | Standard
2 2 1 3.26 2.29
4 4 3 332 2.34
5 2-2 4 3.18 2.24
7 2-3 6 1.91 1.35
8 24 8 2.16 1.52
10 26-2 19 1.54 1.09
1412 4-4 15 2.14 1.50
1473 25-2 18 2.16 1.52
153 24-2 17 1.91 1.35
1613 26-3 27 1.69 1.19
17m 264 32 1.97 1.39
19/4 26-26 51 3.25 2.29
213 253 26 1.62 1.14
2213 243 25 1.44 1.02
233 254 31 1.62 1.14
2473 24-4 28 1.94 1.37
25/4 25-26 53 2.61 1.84
26/4 24-26 51 5.59 394
29/4 23-26 46 1.56 1.10
A4 25-25 52 2.04 1.44
31B/4 26-35 73 1.08 0.76
324 24-25 49 5.41 3.82
3/4 24-24 47 10.67 7.52
37A/5 246-26 ics 1.56 1.10
37B/4 23-25 - 1.61 1.13
38/4 23-24 42 1.583 1.08
39/4 26-34 71 0.85 0.60
39/4 25-35 72 0.87 0.62
40-41/4 24-35 68 0.87 0.62
40-41/5 236-26 96 1.63 1.15
42/4 23-23 40 1.61 1.13
43/5 246-25 103 1.49 1.05
44/5 246-24 100 3.33 2.35
48AJ5 235-26 94 1.63 1.15
47 25-34 70 1.61 1.13
4ABA/4 24-34 66 1.62 1.14
48B/5 236-25 95 2.35 224 0.68
48B/5 245-26 102
49/5 236-24 91 1.56 1.10
50/4 23-34 56 1.48 1.04
50/4 234-4 60
51/5 235-25 92 0.63 0.60 0.18
51/5 236-23 84
535 235-24 20
535 245-25 101 3.09 2.94 0.87
54/5 245-24 99 2.69 1.88
55/5 246-34 119 1.44 1.02
55/6 236-246 150 *0.58
57A/5 245-23 97 2.15 1.51
57A/6 2356-26 152 1.54 1.09
58A/S5 234-25 87 0.66 0.63 0.19
58A/5 235-35 111
60/6 236-236 136 1.53 1.46 0.43
61/5 236-34 110 1.47 1.40 0.41
62/6 245-246 154 *0.61

* these congeners were added in a separate solution
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TABLE 3-3 continued

Onginal |Revised [Wt% inthe W% in
DB1 PK PCB JUPAC | 1260 W% 43 added |Custom
Congener No. Wt% |in 1260 |congeners [Standard
64/6 2356-25 151 3.10 2.96 0.87
65/5 345-25 124
65/6 235-236 138 1.18 1.12 0.33
66/6 2346-25 144 1.18 1.12 0.33
67/5 235-34 107 .
67/5 234-35 108
67/6 2356-24 147 3.19 225
69/5 245-34 118 0.95 0.0 0.27
69/6 236-245 149 9.35 8.91 2.63
7116 2356-23 134 0.64 0.61 0.18
7116 2345-26 143
726 2346-23 131 0.07 0.02
726 235-235 133 0.07 0.02
7306 235-245 146 1.16 1.10 0.32
7415 234-34 105 0.17 0.05
7416 234-236 132 2.76 263 0.78
7506 245-245 183 12.16 11.59 342
7706 2345-25 141 2.49 2.37 0.70
7817 2356-236 179 2.09 1.99 0.59
79/6 2345-24 137 0.1 0.03
80/6 234-235 130 0.11 0.03
817 2346-236 176 0.55 0.16
82/6 234-245 138 10.70 ‘219 3.01
82/6 236-345 164
82/6 2356-34 163
83/6 2346-34 158 0.77 0.23
8s/7 2356-235 178 0.90 0.86 0.25
887 2356-245 187 5.22 497 1.47
89/6 234-234 128 . 0.47 0.14
9017 2346-245 183 3.10 2.95 0.87
91/6 245-345 167 022 0.07
9217 23456-25 i85 0.72 0.68 0.20
9317 2345-236 174 463 441 1.30
94r7 2356-234 177 2.51 2.39 0.71
95/6 2345-34 156 0.68 0.65 0.19
9sr7 2346-234 171 1.04 0.99 0.29
96/6 234-345 187 0.1 0.03
96/8 2356-2356 202 0.32 0.10
99/8 2346-2356 201 0.27 0.08
10077 2345-235 172 0.93 0.88 0.28
101/8 2346-2346 197 0.09 0.03
10277 2345-245 180 11.09 10.57 3.12
10317 2356-345 193 0.42 0.12
10477 2346-345 191 0.15 0.04
105/8 23456-236 200 0.63 0.19
106/7 2345-234 170 3.76 3.58 1.06
10717 23456-34 190 0.94 0.89 0.26
109/8 2345-2356 199 1.66 1.58 0.47
110/8 2345-2346 196 2.09 1.99 0.59
110/8 23456-245 203
1117 2345-345 189 0.19 0.06
112/8 23456-234 195 0.88 0.84 0.25
115/8 2345-2345 194 1.65 1.57 0.46
11719 23456-2345 | 206 0.71 0.68 0.20
100.00 100.00 100.00
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The raw data from the Dionex is transferred to an Excel (Microsoft Excel version 4.0,
Frontline Systems Inc., Incline Village, NV) spreadsheet where the mole percents of
each individual congener, the ortho, meta, para and total chlorines per biphenyl,
and the homolog distribution are calculated for each sample. Statistical analyses for
each set of samples including average, standard deviations, T-test, and confidence

intervals are also calculated.

Comparison of Data Analysis by GC-ECD vs. GC-MS

Due to the large number of samples collected from the field and concurrent
laboratory studies (several thousand to date), a rigorous Soxhlet extraction and
cleanup was not practicable for all samples. Instead, one step ether extractions of wet
sediments with copper cleanup were done routinely on samples to be analyzed by
GC-ECD [Bedard et al., Chapter 2, this report]. In order to ensure that the ether
extraction procedure was adequate, entire sets of samples at various time points
were also extracted by the Soxhlet procedure [Bedard et al., Chapter 2, this report]
and then analyzed by GC-MS in the SIM mode [Frame, Chapter 4, this report]. This
serves as a dual check for both the extraction procedure and the GC-ECD analysis.
Table 3-4 compares the GC-ECD and GC-MS results for each individual PCB
congener, the PCB homolog distribution, the ortho, meta, para chlorine distribution,
and the total number of chlorines per biphenyl for sediment samples before 26-BB
addition. Table 3-5 shows the same comparison for samples 212 days after 26-BB
addition. The values are averages and standard deviations of four different samples
from the same core sections.

Overall, there is very close agreement between the two analytical methods.
All of the homologs agree within 10% except for the pentachlorobiphenyls in
Table 3-4, which agree within 15%; and the hepta- and nonachlorobiphenyls in Table
3.5, which agree within 20%. The ortho, meta, para, and total chlorines agree within
6% for both Table 3-4 and Table 3-5. Except for the discrepancies listed below, in
Table 3-4 and Table 3-5, 93% and 63%, respectively, of the congeners present in
quantities >1.0 mole% agree within 15%; and 96% and 89%, respectively, agree
within 20%.

There are some discrepancies in the data; peaks 2, 4, 5, 7 and 8 were not
quantified in samples analyzed by ECD. Contaminants in both the ether and in the
sediment extract elute in the region of peaks 1-8 and make detection and accurate
quantitation of these peaks by ECD impossible. This is a shortcoming of the
extraction procedure. However, GC-MS analysis confirmed that these peaks are not
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major components of the dechlorinated PCBs (<0.5 mole%). In addition, 26-BB
coelutes with peaks 14, 15, and 16 and its high response factor precludes accurate
quantitation of these peaks in the ECD. However, deletion of these peaks had little
effect on the overall homolog distribution of each sample. Although all of these
peaks can be detected and quantified using the MS, the MS detector is much less
sensitive than the ECD and requires a 40-fold concentration of extracts for accurate
detection and quantitation. We therefore analyzed the samples using GC-ECD and
cross checked periodically using GC-MS analyses.

The ECD cannot distinguish the difference between two homologs in a single
peak, i.e., peak 55, 246-34-CB and 236-246-CB, therefore, the mole percent is reported
as a single amount. For these peaks, multiplication factors are used in the Excel
spreadsheet based on the proportions of the congeners present in the standard. This
assigns a proportion of the overall mole percent value of the peak to each of the
homologs present and helps to reduce biasing on the overall homolog distribution.
Multiplication factors are also used to calculate the ortho, meta, and para chlorines
in peaks with multiple components.

Several discrepancies between the GC-ECD and GC-MS analyses were
apparently caused by differences in the chromatography conditions. We were able
to resolve peaks 23 and 24 and peaks 74 and 75 by GC-ECD analysis using a 50-
minute run. These peaks were not resolved by GC-MS using a shorter 34-minute
run.

A few discrepancies between the GC-ECD and the GC-MS analyses such as
those for peaks 64 and 69 (Table 3-4) are not fully understood. One possible
explanation is the flexibility of the integration software. The Dionex AI-450 software
is much more flexible with respect to baseline integration than the MS software. The
MS software does not allow any change in integration of individual peaks, all
changes must be made over the entire spectrum. The Dionex allows for
manipulation of individual peaks and, therefore, noise and other interferences can
be taken into account.

129



TABLE 3-4. Comparison of GC-ECD and GC-MS analyses of sediment PCBs 4 days

prior to the addition of 26-BB.

DB1 Pk PCB ECD Analysis Day 4 MS Analysis Day 4

Congener avg. 12 smpis +/- S.D. avg. 4 smpis +/- S.D.
2 2 0.00 +-0.00 0.00 +/-0.00
4 4 0.00 +/-0.00 0.08 +/-0.04
5 22 0.00 +/-0.00 0.05 +-0.02.
7 23 0.00 +/-0.00 0.08 +/-0.00
8 24 0.00 +-0.00 0.08 +/-0.01
10 26-2 0.04 +/-0.03 0.04 +/-0.00
14 4t 0.00 +-0.00 0.10 +-0.01
252 020 +/-0.10
15 242 0.00 +-0.00 0.16 +/-0.00
16 263 0.00 +/-0.00 0.06 +-0.01
17 264 0.41 +-0.01 0.31 +/-0.00
19 26-26 0.08 +-0.01 0.07 +-0.01
21 253 045 +-0.01 0.40 +/-0.01
2 243 0.48 +/-0.01 0.37 +/-0.01
23 254 0.41 +-0.01 0.00 +/-0.00
24 244 0.81 +-0.02 1.11 +/-0.04
25 25-26 126 +/-0.01 1.02 +/-0.04
26 24-26 143 +-0.03 121 +-0.08
29 23-26 0.17 +-0.01 023 +-023
31A 25-25 1.65 +-0.02 1.55 +/-0.02
318 26-35 0.04 +-0.08 0.00 +/-0.00
2 2425 3.05 +-0.12 2.90 +/-0.08
33 24-24 3.42 +-0.05 3.19 +-0.04
37A 246-26 0.05 +~0.18 0.02 +-0.00
378 23-25 0.51 +-0.18 0.58 +-0.15
38 23-24 0.50 +-0.02 0.85 +-1.01
39 26-34/25-35 0.88 +-0.01 0.87 +-0.01
40/41 2435 0.32 +-0.01 0.11 +-0.03
_[236-26 0.17 +-0.01
42 23-23 0.07 +-0.02 0.07 +-0.03
43 246-25 0.38 +-0.01 0.32 +/-0.01
a4 246-24 0.42 +-0.01 0.38 +-0.01
46A 23526 0.43 +-0.02 028 +-0.01
47 25-34 0.71 +-0.02 0.72 +/-0.02
48A 24-34 0.4 +-0.04 1.03 +-0.01
488 236-25/245-26 2.18 +-0.08 2,09 +-0.08
49 236-24 1.35 +-0.02 133 +-002
50 23-3472344 0.14 +-0.01 0.18 +/-0.01
51 235-25/236-23 203 +-032 215 +-0.11
53 245-25/235-24 3.56 +-0.02 3.17 +-0.10
54 245-24 184 +/-0.05 1.81 +-0.03
55 246-34 0.45 +-0.01 0.37 +-0.01
_[235-246 0.10 +-0.01
57A 24523 048 +/-0.01 0.45 +-0.02
2356-26 0.07 +-0.00
58A. 234-25235-35 0.79 +-0.03 0.46 +/-0.04
60 236-236 1.03 +-0.01 1.09 +/-0.01
61 236-34 278 +-0.06 247 +-0.11
62 245-248 033 +-0.01 0.38 +/-0.01
64 2356-25 206 +/-0.01 2.74 +-0.09
85 235-236/345-25 148 +-0.04 1.65 +/-0.05
67 235-341234-35 0.85 +-0.08 027 +-0.08
2356-24 0.67 +/-0.02

2- for peaks containing drfferent congener homologs unresoived by
GC-ECD analysis.vaiue shown is the sum of the arfferent homologs
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TABLE 3-4 continued

DB1 Pk PCB ECD Analysis Day 4 MS Analysis Day 4
Congener avg. 12 smpis +/- S.D. avg. 4 smpis +/- S.D.

69 245-34 8.14 +-0.17 1.31 +-0.1
236-245 6.01 +-0.07

7 2356-23/2345-26 0.55 +/-0.02 0.57 +/-0.02

72 2346-23/235-235 022 +/-0.02 0.16 +/-0.02

73 235-245 1.51 +-0.03 1.44 +/-0.03

74 234-34/234-236 227 +/-0.04 0.00 +/-0.00

75 245-245 8.53 +/-0.09 10.15 +/-0.14

77 2345-25 1.28 +/-0.04 1.17 +/-0.02

78 2356-236 1.11 +-0.06 1.36 +/-0.03
79/80/81 2345-24/234-235 0.73 +/-0.02 0.36 +/-0.04
2346-236 0.35 +/-0.01

82 234-245/2356-34/236-345 7.57 +/-0.10 7.52 +/-0.19

83 2346-34 0.50 +/-0.01 0.47 +/-0.01

85 2356-235 0.65 +/-0.02 0.66 +/-0.01

88 2356-245 348 +/-0.05 3.45 +/-0.07

89 234-234 0.66 +/-0.09 0.58 +/-0.01

90 2346-245 1.67 +-0.02 1.84 +/-0.05

91 245-345 0.33 +/-0.02 0.34 +/-0.01

92 23456-25 0.36 +/-0.01 0.39 +/-0.01

93 2345-236 2.60 +-0.03 2.687 +/-0.04

94 2356-234 1.61 +/-0.02 1.64 +/-0.03

95 2345-34 1.20 +-0.03 0.58 +/-0.01
2346-234 0.63 +/-0.01

96 2356-2356/234-345 0.00 +~0.00 0.27 +/-0.01

99 2346-2356 0.17 +/-0.01 0.19 +/-0.01

100 2345-235 0.64 +/-0.01 0.51 +/-0.03

101 2346-2346 0.05 +/-0.00 0.068 +/-0.01

102 2345-245 7.37 +/-0.10 8.50 +/-0.09

103 2356-345 0.33 +-0.03 0.31 +/-0.01

104 2346-345 0.08 +~0.00 0.10 +/-0.00

105 23456-236 0.38 +/-0.01 0.50 +/-0.05

106 2345-234 . 269 +/-0.06 2368 +/-0.04

107 23456-34 0.56 +~0.01 0.57 +/-0.01

109 2345-2356 1.18 +/0.02 1.12 +/-0.03

110 2345-2346/23456-245 1.44 +/-0.02 1.32 +/-0.03

11 2345-345 0.19 +40.01 0.18 +/-0.02

112 23456-234 0.63 +/-0.04 0.62 +/-0.04

115 2345-2345 127 +-0.03 1.17 +/-0.03

117 23456-2345 0.68 +-0.04 0.862 +/-0.03
Ortho CUBP 2.38 +-0.00 2.32 +/-0.01
Meta CUBP 2.15 +/-0.00 220 +/-0.02
Para CUBP 1.31 +-0.01 125 +/-0.01
Total CUBP 5.84 +/-0.01 5.78 +/-0.03
mol% mono 0.00 +/-0.00 0.08 +/-0.04
mol% di 0.00 +-0.00 0.31 +-0.04
mol% tri 262 +/-0.05 2.65 +/-0.11
mol% tetra 1495 +/-025 14.52 +/-1.10
mol% penta 14.87 +-0.34 16.97 +/-0.43
moi% hexa 37.30 +-028 36.00 +/-0.49
moi% hepta 24.52 +-020 23.52 +/-0.35
mol% octa 5.06 +/-0.09 526 +/-0.15
mol% nona 0.68 +/-0.04 0.62 +/-0.03
mol% deca 0.00 +/0.00 +/- 0.00
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TABLE 3-5. Comparison of GC-ECD and GC-MS analyses 212 days after the
addition of 26-BB.

a

DB1 Pk PCB ECD Anatysis Day 212 Top MS Analysis Day 212 Top

Congener avg. 4 smois +/-S.D. avg. 5 smpls +/-S.D.
2 2 0.00 +/-0.00 0.00 +/-0.00
4 4 0.00 +-0.00 0.07 +/-0.02
5 22 0.00 +/-0.00 0.13 +/-0.04
7 23 0.00 +/-0.00 0.09 +-0.01
8 24 0.00 +/-0.00 " 0.18 +-0.01
10 26-2 0.19 +/-0.00 0.15 +/-0.02
14 44 0.00 +/-0.00 0.35 +/-0.01
25-2 0.54 +/-0.03
15 24-2 0.00 +/-0.00 0.63 +/-0.03
16 26-3 0.00 +-0.00 0.07 +/-0.01
17 264 2.71 +-0.07 2.39 +-0.11
19 26-26 1.41 +/-0.09 1.22 +/-0.08
21 25-3 0.46 +-0.02 0.43 +/-0.02
22 24-3 0.52 +-0.02 0.42 +-0.02
23 254 0.84 +/-0.04 0.00 +/-0.00
24 24-4 3.10 +/-0.06 3.82 +-0.11
25 25-26 4,86 +/-0.07 4.73 +/0.07
26 24-26 11.11 +-0.29 10.84 +/-0.38
29 23-26 0.54 +/-0.04 1.61 +/-1.96
31A 25-25 1.91 +/-0.08 1.92 +/-0.02
318 26-35 0.7% +-0.05 020 +/-0.28
32 24-25 7.47 +-0.02 7.70 +/0.22
33 24-24 21.32 +/-1.58 17.97 +-0.60
37A 2456-26 025 +-0.02 0.26 +/-0.01
378 23-25 028 +-0.03 0.35 +/0.02
38 23-24 0.52 +/-0.03 0.42 +/-0.02
39 26-34/25-35 0.82 +/-0.08 0.00 +/-0.00
40/41 24-35 0.99 +/-0.10 0.41 +/-0.01
236-26 0.49 +/-0.02
42 23-23 0.00 +~0.00 0.04 +/-0.03
43 246-25 ' 0.90 +/-0.05 0.89 +/-0.02
44 246-24 3.12 +-0.10 3.31 +-0.11
46A 235-28 1.13 +-0.04 1.17 +-0.04
47 25-34 0.14 +/-0.02 0.22 +/-0.04
48A 24-34 0.78 +/-0.09 0.38 +/-0.02
48B 236-25/245-26 0.00 +-0.00 0.58 +/-020
49 236-24 3.39 +-0.13 3.768 +/-0.24
50 23-34/234-4 0.03 +/-0.00 0.06 +/-0.01
51 235-25/236-23 1.56 +/-0.09 2,07 +/-0.08
53 245-25/235-24 450 +-0.18 3.63 +-0.08
54 245-24 0.48 +/-0.05 0.52 +-0.05
55 246-34 0.94 +-0.04 0.65 +/-0.02
236-248 0.35 +/-0.01
57A 245-23 0.32 +-0.03 0.12 +/-0.02
2356-26 0.30 +/-0.01
5BA 234-25/235-35 1.00 +-0.08 1.89 +/-0.08
60 236-236 0.32 +-0.04 0.48 +/-0.01
61 236-34 0.51 +-0.06 0.51 +-0.09
62 245-248 0.39 +/-0.04 0.41 +/-0.01
54 2356-25 0.71 +-0.07 0.69 +/-0.03
65 235-236/345-25 0.17 +-0.03 0.20 +/-0.01
67 235-34/234-35 3.38 +-0.14 0.00 +/-0.00
2356-24 3.39 +/-0.1

a- f0f peaks containing arfferent congener NomMoogs unresol vea by
GC-ECD analysis.value shown s the sum of the arfferent ho mologs
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TABLE 3-5 continued

DB1 Pk PCB ECD Analysis Day 212 Top MS Analysis Day 212 Top
Congener avg. 4 smpis +/-S.0. avg. 5 smpis +/-S.0.

69 245-34 0.83 +/-0.16 0.32 +/-0.04

236-245 0.77 +-0.05 -
71 2356-23/2345-26 0.17 +/-0.02 '0.20 +/-0.01
72 2346-23/235-235 0.24 +/-0.02 0.22 +/-0.02
73 235-245 0.39 +/-0.03 0.35 +/-0.01
74 234-34/234-236 0.16 +/-0.06 0.06 +/-0.01
75 245-245 1.08 +/-0.25 1.30 +-0.07
7 2345-25 0.00 +/-0.00 0.11 +/-0.01
78 2356-236 0.61 +/-0.09 0.43 +/-0.02
79/80/81 2345-24/234-235 0.18 +/-0.02 0.05 +/-0.04
2346-236 0.06 +/-0.00
82 234-245/2356-34/236-345 1.78 +/-0.18 1.93 +/-0.08
83 2346-34 0.09 +/-0.02 0.06 +/-0.01
85 2356-235 0.42 +/-0.02 0.35 +/-0.01
88 2356-245 1.17 +-0.09 1.11 +/-0.04
89 234-234 0.05 +-0.01 0.08 +/-0.01
90 2346-245 0.49 +/-0.04 0.48 +/-0.02
91 245-345 0.07 +/-0.01 0.05 +/-0.00
92 23456-25 0.08 +/-0.01 0.07 +/-0.00
93 2345-236 0.56 +/-0.08 0.52 +/-0.03
94 2356-234 0.38 +/-0.04 0.34 +/-0.03
95 2345-34 0.39 +/-0.01 0.09 +/-0.01
2346-234 0.15 +/-0.01
96 2356-2356/234-345 0.00 +/-0.00 0.16 +/-0.00
99 2346-2356 0.10 +/-0.01 0.10 +/-0.00
100 2345-235 0.25 +/-0.01 0.20 +/-0.01
101 2346-2346 0.02 +/-0.00 0.04 +/-0.00
102 2345-245 2.48 +/-0.14 2.08 +/-0.08
103 2356-345 0.18 +/-0.00 0.15 +/-0.00
104 2346-345 0.03 +/-0.00 0.03 +/-0.00
105 23456-236 0.21 +-0.01 023 +/-0.01
106 2345-234 0.92 +/-0.05 0.70 +/-0.03
107 23456-34 0.20 +/-0.01 0.17 +/-0.01
109 2345-2356 0.68 +/-0.01 0.66 +/-0.03
110 2345-2346/23456-245 0.90 +/-0.01 0.81 +/-0.02
1 2345-345 0.09 +/-0.00 ' 0.08 +/-0.01
112 23456-234 0.38 +/-0.01 0.36 +/-0.02
115 2345-2345 0.88 +~0.03 0.79 +/-0.02
117 23456-2345 0.59 +/-0.10 0.49 +/-0.01
Ortho CI/BP 2.38 +~0.01 2.38 +/-0.01
Meta CUBP 1.09 +/-0.03 1.11 +-0.02
Para CUBP 128 +~-0.02 1.18 +/-0.02
Totai CUBP 4.73 +/-0.02 4,67 +/-0.02
moi% mono 0.00 +/-0.00 0.07 +/-0.02
mol% di 0.00 +-0.00 0.75 +/-0.08
moi% tri 7.82 +/-0.22 8.45 +/-0.32
moi% tetra 51.98 +/-1.39 48,98 +/-1.23
moi% penta 18.23 +/-0.39 20.24 +/-0.60
mol% hexa 10.02 +/-0.77 11.02 +/-0.31
mol% hepta 8.20 +/-0.54 6.90 +/-0.30
moi% octa 3.15 +/-0.05 3.14 +/-0.08
moi% nona 0.59 +/-0.10 0.49 +/-0.01
mol% deca 0.00 +/-0.00 0.00 +/-0.00
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SUMMARY AND CONCLUSIONS

Congener specific GC-ECD and GC-MS analyses have demonstrated that
many of the congeners resulting from Pattern N dechlorination of Aroclor 1260 are
either not present in any Aroclor or are present only in minor quantities. It was
necessary to develop a PCB standard that could accurately quantify Aroclor 1260
and all of the congeners resulting from Pattern N dechlorination of Aroclor 1260.

Based on published Aroclor peak assignments [Brown et al, 1987b] we
identified 150 individual congeners as possible components of Woods Pond
sediment PCBs. Each of these individual congeners was coinjected with an Aroclor
standard to verify the original peak assignments. Our results indicated that 15 of
these 150 congeners had been misassigned by one peak. Results also indicated
17 congeners previously believed to coelute could be separated, and 9 congeners
previously believed to separate actually coelute. The original 118 peak assignments
have been revised accordingly.

We identified 38 PCB congeners that were present in the environmentally or
Pattern N dechlorinated sediment PCBs, but were either absent or present in very
small amounts in Aroclor 1260. We combined these and 7 additional congeners that
are potential products of further dechlorination (not Pattern N) with Aroclor 1260 to
prepare a customized standard which enabled us to quantify all of the PCB
congeners present in Aroclor 1260 and in the environmentally and Pattern N
dechlorinated sediment PCBs. Of the possible 118 peaks representing 209 PCB
congeners, we have observed 83 peaks representing 106 PCB congeners in Woods
Pond sediment PCBs.

Our method allows calculation of mole percent values of the individual PCB
congeners, number of ortho, meta, para and total chlorines per biphenyl, homolog
distribution, and statistical analysis for each sample set.

Analysis of field test samples using the customized standard demonstrated
that the expected Pattern N dechlorination products of the major components in
Aroclor 1260 were indeed being formed. The observed decreases in the PCB
congeners attacked by the Pattern N dechlorination agree with the observed
increases in the amounts of the predicted dechlorination products [Bedard et al.,
Chapter 2, Table 2-1, this report].

The mass balance and the GC-MS analyses both confirm that this method is
highly effective for accurate quantification of environmentally and Pattern N
dechlorinated Woods Pond sediment PCBs.
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Caution should be used whenever an Aroclor-based standard is used to
quantify dechlorinated PCB samples. As already pointed out, microbial
dechlorination of PCBs is often highly selective and can generate PCB congener
profiles that are quite distinct from the Aroclors. The work done for the
development of this standard and method is specific for quantifying the
dechlorination of PCBs in Woods Pond sediment, but the principle can be applied
to other sediments and microbial populations.
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