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ABSTRACT

The compound 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD),
an impurity in the herbicides 2,4-dichlorophenoxyacetic acid,
2,4,5-trichlorophenoxyacetic acid and the defoliant Agent
orange, is considered by many to be one of the most toxic:
substances known to man. Widely released into the;
environment via pesticide application, improper hazardous ,
waste disposal, and various industrial processes, the,
hydrophobic TCDD accumulates in the food chain and has been.
found to be resistant to microbial biodegradation. In an
effort to address this recalcitrance, a two-phase
biodegradation strategy was conceptualized. The first phase
will acclimate mixed anaerobic cultues to structural analogs
of TCDD, while the second phase will utilize these acclimated
inocula as a source of microorganisms in a TCDD
biodegradation study. In order to develop an anaerobic
biodegradation approach for soils and sediments contaminated
with TCDD, methanogenic and denitrifying cultures were
established on a variety of chloroaromatic substrates using
an inoculum from Newtown Creek, New York. Cultures were
amended with 2-chlorophenol, 3-chlorophenol, 4-chlorophenol,
2,3-dichlorophenol, 3,4-dichlorophenol, 4,5-dichlorophenol
and catechol. 1In addition, select cultures were amended with
a mixture of fatty acids in order to supply excess electron
donor for reductive dechlorination. The effect of mixed
substrates and a solubilizing agent, n-butanol, was also

evaluated for its effect on culture activity. Biodegradation
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was assessed by quantifying the disappearance of substrate,
appearance of intermediates and the stoichiometric products
of methanogenesis or denitrification.

Dehalogenation was observed under methanogenic
conditions, with monochlorophenols producing phenol and
dichlorophenols producing monochlorinated phenols and phenol.
While catechol was degraded under methanogenic conditions,
based on gas production, the chlorinated catechol did not
appear to undergo biodegradation under any condition,
Cultures amended with mixed substrates exhibited enhanced
dehalogenation in the presence of n-butanol under
methanogenic conditions and minimal degradation under
denitrifying conditions. Biodegradation of TCDD adsorbed
onto particles of gallium oxide is currently being

investigated with an amalgamation of the active single-

substrate methanogenic cultures.
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I. INTRODUCTION

Dioxins are a highly stable class of chlorinated

_aromatic compounds. Based upon high toxicity in select

species, the compound 2,3,7,8-tetrachloro-p-dibenzodioxin
(TCDD) is considered one of the most toxic substances known,
having an LDsg of 0.6 ug/kg in guinea pigs (Hanson, 1991).
TCDD often occurs as an incidental impurity in the synthesis
of herbicides like 2,4,5-trichlorophenoxyacetic acid, 2,4-
dichlorophenoxyacetic acid and Agent Orange. Polychlorinated
biphenyls (PCBs), besides being toxic in their own right, may
also be contaminated with dioxins and may represent a
potential source of dioxin following incineration.
Chlorinated aromatic compounds like TCDD and PCBs have been
inadvertently released into the environment via incinerator
emissions, transformer fires, and inadequately-managed
hazardous waste disposal sites (Hutzinger, et al, 1985;
Hutzinger, et al., 1985).

To date, no studies to our knowledge have successfully

~demonstrated the anaerobic biodegradation or

biotransformation of TCDD. Remarkably, a removal of a single
chlorine atom from TCDD would reduce the LDsg by several
orders of magnitude (Nessel, 1992). The purpose of this
study was to investigate a novel biodegradation approach for
the dechlorination of TCDD-contaminated soil using mixed
cultures acclimated to water-soluble TCDD analogs, inclu&ing

mono- and dichlorinated phenols and catechols. This paper
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reports on the preliminary development of microbial cultures

capable of dechlorinating many of the structural analogs

studied.

A. TCDD Toxicity.

Aquatic life in general is susceptible to the toxic
effects of TCDD contamination, even though the aqueous
solubility of TCDD is less than 200 parts per trillion. Many
invertebrates live in or near the sediments and extract
nutrients from ingested sediment particles. Since TCDD has a
high partition coefficient and is very 1lipophilic, these
organisms can bioaccumulate the compound from the
contaminated sediments, or the contaminant may be directly
absorbed through permeable tissues. This accumulation at the
lower trophic 1levels of the food chain causes higher
organisms, including commercial fish, to develop even higher
total body burdens of (Cooper, 1989). Uptake and subsequent
toxicity of TCDD to aquatic life was demonstrated by Yokim et
al. (1978). A silt loam soil treated with TCDD to a
concentration of 0.1 ppm was introduced into an ecosystem
consisting of water fleas, snails, and algae separated from
mosquito fish through a permeable partition. TCDD
concentrations in the water were stable at 3 parts per
trillion after one day. Ratios of fish TCDD tissue
concentration to water concentration ranged from two- to six-

thousand, with death occurring after 15 days of exposure to

TCDD-contaminated water. This study clearly demonstrates the

T I R T T I T}

r‘fn" T T T SR TR AT T

sensitivity of some species of fish to very low aqueous

concentrations of TCDD.

B. Resistance to Biodeqradation.

Besides being extremely toxic, many researchers have
shown TCDD to be highly resistant to biodegradation. Ward
and Matsumura (1978) found that TCDD was not significantly
biodegraded when incubated with lake sediment and water, and
a basal media. Kearney, et al. (1972) spiked a silty clay
loam and a loamy sand with radiolabelled TCDD. Since they
detected very little !4c03, as measured by radioassay,
metabolism by indigent populations in the sediment was
considered to be minimal. After 350 days incubation, recovery
of TCDD by combustion was 52 to 89%. The loss was thought to
be due to evaporation, although TCDD is not very volatile.
Resistance of TCDD to microbial metabolism was also shown by
Matsumura and Benezet (1973) when they revealed that only
five of 100 strains of previously proven pesticide-
metabolizing bacteria were capable of degrading TCDD.

Part of this resistance to biodegradation may be due in
part to poor bioavailability. TCDD has a high octanol-water
partition coefficient (Koy) of 106-8, which favors adsorption
onto hydrophobic surfaces over dissolution in water (Shiu, et
al., 1988). 1In lakes and rivers, most of the contamination
would be expected to settle out and adsorb onto sediments.
For example, in a partitioning study conducted by Ward and

Matsumura (1978), approximately 95% of the TCDD added to a
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mixture of clean lake water and sediment was found to be
associated with the sediment. Organic matter in soil and
sediment has many reactive sites that could potentially
'immobilize hydrophobic compounds. Decreased bioavailability
due to adsorption to sediment may cause low biodegradation

rates (Sims, et al., 1990).

C. Anaerobic Biodegradation Processes and Engineering

Applicability.

Despite previous negative studies on the aerobic
microbial transformation of TCDD, anaerobic biodegradation
strategies may possess several distinctive advantages,
especially in the in situ remediation of contaminated soils
and sediments. Although relatively slow, in situ
biodegradation processes are a cost-effective approach to
site remediation. Transportation costs, potential spread of
contaminants, and 1liability are minimized when contaminated
materials do not have to be transported to an off-site
treatment facility (Sims, et al., 1990). Biodegradation is
also less controversial in the eyes of the public than
alternative methods like on-site incineration, and would
probably be more acceptable to residents neighboring a
contaminated site.

Most sediments and soils are aerobic for only the first
few centimeters below the surface. Below this depth, or in
poorly-aerated systems, anaerobic processes predominate.

Since water-insoluble compounds like TCDD and PCBs often
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enter anaerobic environments by sedimentation, an
understanding of the fates of these chemicals under anoxic

conditions is important. Important anaerobic electron

acceptors in the anaerobic environment include nitrate,

sulfate and carbonate. Due to thermodynamic considerations,
denitrification (NO3~ reduction to N;) precedes sulfate
reduction (S04~ reduction to H2S), which precedes
methanogenesis (CO2 reduction to CHg). In the field,
denitrifying consortia are usually found at redox potentials
around -50 mvV, while methanogenic consortia are found at
redox potentials around -350 mV (Young, 1984). Engineering
processes based on sulfate reduction may not be practical
because by-products often include poisonous hydrogen sulfide
gas. To date, dehalogenation has been demonstrated under
methanogenic (Woods, et al., 1989; Hrudey, et al., 1987;
suflita and Miller, 1985; Kohring, et al., 1989; Mikesell and
Boyd, 1985; and Zhang and Wiegel, 1990) and sulfate reducing
conditions (Haggblom and Young, 1990), but not under
denitrifying conditions . Dissimilation of these compounds
under denitrifying conditions would be desirable, since 1)
required nitrate concentrations could be balanced with
regulated drinking water limits, 2) redox requirements are
not as stringent, and 3) denitrifying bacteria are all
facultative and hence tolerant to molecular oxygen.

As stated earlier, development of a feasible
biodegradation process for TCDD biodegradation requirés a

stable microbial population that can dehalogenate aromatic
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compounds. In this study, such cultures have been produced
by acclimating microbial populations in sediments to various

chlorinated substrates. The effects of single and mixed

substrates will be examined, as well as the effect of a

solubilizing agent.

II. APPROACH

A. Mixed Cultures.

Sediment from Newtown Creek, New York City was chosen as
an inoculum source. It is anticipated that the effluents
received by this stream and the contaminated nature of the
sediments may have provided an important selective pressure
for the enrichment of bacteria capable of metabolizing
environmental toxicants. Several investigators (Suflita, et
al., 1982; Boyd and Shelton, 1984; Woods et al., 1988) have
shown chloroaromatic degradation of chlorophenols and
chlorobenzoates under methanogenic conditions. After an
initial lag period, the initial reaction in the metabolism of
chlorophenols, chlorobenzoates, and PCBs under anaerobic
conditions was dehalogenation producing phenols, benzoates
and lower-chlorinated PCBs. Once acclimation was achieved,

subsequent dehalogenation activity occurred more rapidly.

B. TCDD Analogs.

Dioxins, as previously noted, have a low water
solubility and limited biocavailability. These factors may

contribute to the difficulty to the enrichment and
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Symmetrical cleavage involves breaking of the Oxygen-carbon

bond to produce two molecules of 2,3-dichlorophenol (2,3-

DCP). Asymmetrical cleavage would produce 4,5-di-

chlorocatechol (4,5-DCC) and 1,2~dichlorobenzene (DCB).

Subsequent dehalogenation of these products could produce

2-chlorophenol (2-Cp), 3-chlorophenol (3-Cp), 4-chlorophenol

(4-Cp), 3,4—dichlorophenol (3,4-DCP) and catechol

(dihydroxybenzene). All of these substrates are considerably

more water soluble than TCDD and were chosen as the
substrates for acclimation of a dehalogenating consortia.

DCB is sparingly soluble, and was not examined in this study.

C. Co-substrates and Solubilizing Agents.

Reducing equivalents (electrons) are required to

reductively dehalogenate_TCDD to p-dibenzo-dioxin. Based on

Some previous studies demonstrating that electron donors
appear to enhance dehalogenation (Suflita, 1990), an aliquot
of co-substrates consisting of an equimolar mixture
(1:1:1:1:1) of acetaté(Cz):propionate(C3):butyrate(C4)=
valerate(Cs):caproiate(cs) was added to particular cultures.

Additionally, the amendment of a co-solvent to the

culture should 1lower the octanol-water partitioning

coefficient (Koy), theoretically shifting the equilibrium and
releasing adsorbed TCDD for equilibrium dissolution in the

aqueous phase. This shift should increase the aqueous

concentration of TCDD, thereby increasing its

bioavailability. 1In this Study, n-butanol was added to some
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cultures to investigate its potential as a solubilizing

agent.

III. METHODS

A. Sediment Collection.

Inoculation for all cultures was made using a 2:1
(wt/vol) dilution of sediments collected from Newtown Creek
Sediment was collected in mid-June from the center of Newtown
Creek about 200 yards off the East River, courtesy of the New
York City Department of Environmental Protection Research
Vessel during a routine monitoring run. The sediment was
placed into 0.5 L glass containers leaving no headspace, and

transported back to the lab within 24 hours.

B. Media Preparation.

The denitrifying media (DM) used is the same as that
described by O'Cornor and Youné (1992) except that the purge
gas was high purity helium (Matheson Gas, Rutherford, NJ).
Briefly, the DM contained NazHPO4 and KH2PO4 (29 and 19 mM
respectively), NH4Cl (5.6 mM), MgSO4°7H20 (0.4 mM), FeSO4-7H20
(9 mM), CuSO4°+5H20 (1.2 mM), KNO3 (30 mM as sole electron
acceptor) and 15 ml/L of trace elements and 10 ml/L vitamins
(Owen, et al., 1979; O'Connor, et al., 1989). The
methanogenic media (MM) was also made according to the method

ined
described by O'Connor and Young (1992). MM containe

resazurin (1 mL of a 3.9 mM stock solution), (NHg)2HPOsz (1.57
k.
mL. of a 20 mM stock), FeClz+4H20 (1 mL of 1.86 mM stock),

NasS+9H20 (1 mL of a 2.3 mM stock), NaHCO3 (2.6 g) and 15 and
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ten mL of trace vitamins and elements as discussed above. In
these cultures, the amended NaHCO3 functioned as the electron

acceptor.

C. Culture Preparation and Monitoring.

Chlorinated phenols and catechol were purchased at the
highest available purity from Fluka Chemical (Ronkonkoma,
NY). The 4,5-dichlorocatechol was purchased from Helix
Biotech Corporation (Richmond, British Columbia, canada).
Cultures amended with each of the chlorinated aromatic
substrates (0.25 mM) were established under denitrifying and
methanogenic conditions. These included 2-Cp, 3-CP, 4-CP,
2,3-DCpP, 3,4-DCP, 4,5-DCC and catechol. 1In addition, a set
of mixed substrate cultures were established with 0.05 mM of
each substrate. In both cases, all cultures were established
in duplicate, and an autoclaved sterile control was also
prepared. Background controls (cultures to which no
substrates were added) were also established. Only with the
mixed substrate cultures was butanol (10% v/v) examined as a
Co-substrate. Cultures were incubated at 37°C in the dark.

Approximately 1.0 mL of sample was routinely withdrawn
from each culture for substrate determination. Samples were
acidified with 50 nL of 10% HC1l and centrifuged for 8
minutes. The supernatant was removed and filtered through a
0.45 um hydrophilic syringe filter, and placed in 1.5 mL HPLC
screw-top vials. Chlorinated substrates and phenol, a

suspected metabolite, -were analyzed by high-performance

liquid chromatography (HPLC). HPLC running solvents

consisted of a solution of 2% acetic acid in dejonized water

and a solution of 2% acetic acid in methanol. Acetic acid

 solutions and a ramped concentration program were employed to

optimize peak separation. The program consisted of 5 minutes
at 70% water solution:30% methanol solution, ramp to 30%
water solution:70% methanol solution over 20 minutes, hold
for 5 minutes. The column was a 25.4 cm LC-18-DB obtained
from Supelco, Inc; (Bellefonte, PA), and was held
isothermally at 50°C in an SSI 505 LC Column Oven. The
detector was a UV-spectrophotometer operated at 280 nm. This
protocol separated all of the chlorophenols, as well as
phenol.

Due to early difficulties encountered during analytical

method development, the initial substrate concentrations

described are nominal. When a substrate concentration fell

below detection limits, the cultures were reamended to
approximately the same initial substrate concentration.
Headspace gas was analyzed by packed column installed on
an HP 5880A gas chromatograph. A 0.25 mL sample of headspace
gas injected onto a Supelco 1-2382 packed column (5' x 1/8"

stainless steel support, 45/60 Carboxen 1000) held

isothermally at 200°C. The thermal conductivity detector
allowed detection and quantitation of nitrogen, carbon

dioxide, methane and N20 in a single injection.
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In order to ensure that denitrifying cultures were not

nitrate limited, nitrate levels were monitored with a Dionex

ion chromatograph .

IV, RESULTS

A. Monochlorinated Phenols.

Figures 3 - 5 show substrate depletion and gas
production data for all methanogenic and denitrifying
cultures amended with monochlorinated phenols (MCP).
Substrate concentrations and methane and nitrogen production
were plotted as a function of time. 1In all cases, excess dgas
production above that recorded for the background control,
coupled with a loss of substrate, were the criteria for
assessing biodegradability.

Under methanogenic conditions, 2-CP (Figure 3a) was
metabolized within six weeks, producing phenol as an
intermediate. After subsequent reamendment of the culture,
complete degradation was again observed within six weeks
incubation. Methane exceeded background production after
phenol depletion began. Under denitrifying conditions
(Figure 3b), phenol appeared after sixteen weeks incubation,
after which the concentrations of 2-CP were observed to
decrease sharply. Under methanogenic conditions, cultures
amended with 3-CP (Figure 4a) did not produce phenol until
after 18 weeks incubation. Again, methane production
significantly exceeded background control levels only after

phenol concentrations began to decline. Under denitrifying

Iv-20

conditions (Figure 4b), phenol was produced from 3-CP after

20 weeks incubation, eventually leading to enhanced nitrogen

production over the background control. As shown in Figure

'5a, cultures amended wth 4-CP significantly inhibited

methanogenesis relative to that observed in the background
control. Conversely, under.denitrifying conditions (Figure
5b), there was approximately a 50% loss of substrate over 20
weeks with little suppression of denitrification.

For methanogenic cultures amended with 2-CP and 3-CP,
the gas production patterns generally revealed excess CHy and
N,, while 4-CP was found to be persistent in the study.
While many of the single substrate denitrifying cultures
became nitrate depleted during the incubation period,
methanogenesis did not occur and NO3~ was reamended. For the
denitrifying cultures amended with 2-Cp and 3-CP, gas
production patterns revealed that dinitrogen was produced in
excess of the background control, while the 4-CP culture

produced the same amount as the background control.

B. Dichlorinated phenols.

Sequential dehalogenation of dichlorinated phenols was
observed, with monochlorinated phenols appearing before
phenol. 1In the dehalogenation of 2,3-DCP under methanogenic
conditions (Figure 6a), the ortho chlorine was removed first,
producing 3-CP. Initial concentrations of 2,3-DCP were

completely removed by week 6. Following 2,3-DCP removal, 3fCP
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Figure 5.
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and phenol concentrations were observed to increase, which

was then followed by an increase in methane production above
15
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Figure 7. 3,4-DCP: Methanogenic (a) and Denitrifying (b)
5 : Cconditions
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C. Catechols.

Gas production data from methanogenic and denitrifying
_catechol cultures are shown in Figures 8 and 9. The HPLC
method used was not appropriate for catechol or 4,5-DCC
analysis, and thus only gas data are shown for these
cultures. Some methane in excess of background levels was
produced in the catechol cultures (Figure 8a). Dinitrogen
production initially paralleléd, but later plateaued while
control background levels increased (Figure 8b). Figures Ya
and 9b show the gas production data for methanogenic and
denitrifying cultures amended with'4,5-dichlorocatechol, and
reveal that both methane and dinitrogen production levels

were comparable to background levels.
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Figure 9. 4,5-DCC: Methanogenic (a) and Denitrifying (b)
Conditions
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D. Mixed Substrates.
Figures 10 - 14 show the results of mixed substrate

amended cultures. Under methanogenic conditions (Figure 10),

2-CP was completely metabolized in the first two weeks.

Concentrations of 2-CP, 3-CP and 2,3-DCP appeared to
incfease, presumably due to dechlorination of 2,3-DCP and
3,4-DCP. Concentrations of 4-CP appeared to be decreasing
after 13 weeks incubation. Under denitrifying conditions
(Figure 11), 2-CP concentrations declined after 13 weeks
incubation and levels of other substrates were unchanged

after 20 weeks incubation.

Substrate (mM)

Time (weeks)

Figure 10. Mixed Substrates Under Methanogenic Conditions
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Substrate Concentration [mM)
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0 5 10 15 28 25

Time (weeks)
Figure 11. Mixed Substrates Under Denitrifying Conditions

The effect of butanol is shown in Figures 12 and 13 for .

methanogenic and denitrifying cultures, respectively.
Concentrations of 2-CP in methanogenic cultures (Figure 12)
initially increased and then decreased. 1In addition, 3-CP
and 4-CP were depleted rapidly, then eventually reappeared
after 13 weeks incubation. Phenol was never detected. n-
Butanol may increase the aqueous solubility of these
compounds, causing greater bioavailability and subsequently
ihcreased rates of metabolism and mineralization. Under
denitrifying conditions (Fiqure 13), 2-CP and 4-CP
concentrations were constant over 20 weeks incubation.
Closer study of the noted disappearance of the other

compounds 1is warranted before conclusions can be drawn
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regarding mixed substrate degradation under denitrifying

conditions.

Figure 12.

0.14

Substrate [(mM)

Time (weeks)

Mixed Substrates Under Methanogenic conditions
with n-Butanol
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Figure 13. Mixed Substrates Under Denitrifying Conditions
with n-Butanol

Figure 14 shows methane and dinitrogen production data
only for active cultures with and without n-butanol. The
horizontal line at 0 represents the background control.
Substantial gés production was noted in cultures amended with
mixed substrates (without n-butanol) at 20 weeks incubation,
and nitrate depletion was noted at 13 weeks incubation.
Substrate depletion noted at week 20 may have been due to
methanogenesis. From Figure 14, it is clear that the
addition of n-butanol, while perhaps facilitating substrate

removal, 1inhibits mineralization under both anaerobic

conditions.
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Figure 14. Mixed Substrate Gas Production Under Denitrifying
and Methanogenic Conditions

E. Dehalogenation Kinetics.

Understanding the kinetics of the dehalogenation
reactions can provide insight into the factors which may
1imit biodegradability of these compounds in the environment.
The depletion of the parent substrate, with subsequent
appearance and disappearance of intermediates is very similar
to classic unimolecular irreversible reaction kinetics.
These reaction mechanisms are shown in Figure 15, with [DCP],
[cP] and [Phe] referring to dichlorinated compounds,

monochlorinated compounds, and phenol, respectively.
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Figure 15. Dehalogenation Reactions

Dichlorinated phenols:

[DCP] — [CP] — [Phe] — Products
k1 k2 k3
Monochlorinated phenols:
[CP] — [Phe] — Products
k2 k3

This mechanism is characterized by declining levels of
amended substrates accompanied by a rise and fall in
concentrations of subsequent intermediates. For this
analysis, the rate constant associated with the initial
dehalogenation under denitrifying or methanogenic conditions,
k1P or k1M as applicable, was determined where consistent
decreases in substrate concentrations occurred. For
consortia exhibiting a lag period, the statistical procedure
was applied as shown in Figure 16, with kinetic time zero

marking the end of the lag period.

Lag L

Concentration

0 Analysis

—>
Time

Figure 16. Determination of rate constant with a lag

The equation describing the depletion of the amended

substrate follows basic first order kinetics (Levenspiel,
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1984), as shown below. The variable t represents time, while
the 0 subscript represents initial concentrations of DCP.
[DCP] = [DCP]g e~kit

By determining the linear regression of a plot of
1n[DCP] versus time, a line of slope -k; can be found. This
analysis was performed for the depletion of the mono- and di-
chlorinated phenols, and is summarized in Table 1. Under
methanogenic conditions, 4-CP exhibited no biotransformation
or mineralization during the entire 18 weeks of incubation.
similar observations were noted for the monochlorinated
phenols under denitrifying conditions; consequently, no

kinetic constants could be developed for these cultures.

Table 1. Rate constants for initial dehalogenation reaction

Position of

chlorine Methanogenic Denitrifying
Substrate removed k (week-1) k(week-1)
2-Cp ortho 0.16 0.19* nd
3-CPp meta 0.05 nd
4-CP para nd nd
2,3-DCP ortho 0.11 0.07
3,4-DCP para 0.74 0.96

* calculated from initial and refed 2-CP
nd = not determined due to lag period

According to these rate constants,

it appears that

removal of the ortho chlorine atom under methanogenic

conditions was slightly faster for 2-CP than for 2,3-DCP.

This analysis also shows that the methanogenic dehalogenation
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Table 3. Theoretical stoichiometric coefficients for
complete mineralization of experimental substrates under

of the para chlorine atom in 3,4-DCP was faster than ortho Cl bLere T e
denitrifying conditions

removal from 2,3-DCP.

F. Stoichiometric analysis.

Reactants Products
The stoichiometry of complete mineralization for all 1 ;' Substrate + NO3~ + HY -> C02 -> N2 -> H20 -> HCl
substrates is listed in Tables 2 and 3 for both methanogenic 2-CP
and denitrifying cultures. 2'g§ - [3-2 5.2 6 2.6 4.6 1
(CeHs50C1)
. s . . s 2,3-DCP
Table 2. Theoretical stoichiometric coefficients for a 3,4-DCP 4.8 4.8 6 2.4 3.4 2
complete mineralization of experimental substrates under ‘ (Céﬁ4OC12)
methanogenic conditions ‘ 1 =
4,5_DCC 4.4 4.4 6 2-2 3.2 2
(CeH402C12)
Reacta
nt Products | Catechol 5.2 5.2 6 2.17 5.6 -
Substrate +H20 ->C02 ->CHy ->HC1 i (CeHg02)
— 1 + denotes reactant; -> denotes product
2-CP 4.5 2.75 3.25 1 ;
3-CP 7
4-CP f
(CgH50C1) i Table 4 shows the mass balance data for each substrate
: j th nic and denitrifyi conditi .
2,3-DCP 4.5 3.00 3.00 2 : incubated under methanogenil nitrifying conditions |
3,4-DCP ; Background values were subtracted from all dinitrogen and f
(CeH40C12) a :
methane yields and compared to theoretical quantities based :
(CeH402C12) | on initial substrate concentrations and stoichiometries in J
Catechol 3.5 2.75 3.25 - Tables 2 and 3. The mass balance also considers all
(CeHe02)
+ denotes reactant; -> denotes product reamendments where necessary.




Table 4. Stoichiometric analysis of gas yields under
methanogenic and denitrifying conditions

Methanogenic Conditions Denitrifying Conditions

Actual

Substrate Expected CHy Percent Expected Actual N» Percent

CH4 (mM) _(mM)_ Converted N2 (mM) _ (mM) Omweﬂx@_
2-CPp [ ]

0.205 0.064 31.2 0.065 0.229 >100
3-CP

0.081 0.179 >100 0.130 -0.063 na
4-Cp

0.081 0.096 >100 0.065 -0.056 na
2,3-DCP

0.150 0.30 >100 0.120 -0.003 na
3,4-DCP

0.150 0.30 >100 0.192 -0.018 na
4,5-DCC

0.151 0.00 0.0 0.121 0.157 >100
Catechol

0.26 0.367 >100 10.174 -0.117 na

na = Not applicable due to depressed concentrations relative
to background

After 20 weeks incubation, cultures amended with 2-CP,
3-CP and 4-CP produced 31.2%, >100% and >100%, respectively,
of the theoretical methane yield. Under denitrifying
conditions, cultures amended with 2-CP produced >100% of
expected dinitrogen yield, while denitrification in cultures
containing 3-CP and 4-CP was inhibited.

In the methanogenic cultures amended with DCP, all of
the 2,3-DCP was mineralized, while only 38.7% of the 3,4-DCP
was reduced to methane. In denitrifying cultures, the
dinitrogen yield was suppressed below the background control,

indicating inhibition of denitrification.
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In the catechol cultures, of the 4,5-DCC and 23.9% of
the catechol was converted to methane. Slight inhibition of

denitrification by both catechol and 4,5-DCC was observed.

V. DISCUSSION

A. Monochlorinated Phenols.

In general, the results observed with monochlorinated
phenols are consistent with that reported in the literature,
with ortho chlorines being preferentially removed, meta
removal only after prolonged acclimation, and para not at all
(Kohring, et al., 1989; Mikesell and Boyd, 1985). Cultures
amended with 2-CP metabolized the substrate in a total of in
6 weeks under methanogenic conditions, while 3-CP was more

slowly degraded and 4-CP was slowest to degrade.

B. Dichlorinated Phenols.

In these experiments, the ortho chlorine of 2,3-DCP was
preferentially removed under both methanogenic and
denitrifying conditions, producing 3-CP. The kinetic rate
constant for the monochlorinated dechlorination
(approximately 0.18 week‘l), however, was faster than the
removal of the ortho chlorine from the dichlorinated phenol
(0.11 week-1). This difference could be due to steric
hindrance or other physical-chemical factors related to the
meta chlorine atom. Under methanogenic conditions, 3,4-DCP

was degraded more rapidly than 2,3-DCP. This is surprising
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in light of the fact that these cultures were unable to

dechlorinate 4-CP under methanogenic conditions.

Collectively, the stoichiometric and kinetic data

support previous observations that under methanogenic
conditions, the ortho chlorine in chlorophenol isomers is
preferentially removed over chlorines occupying meta and para
positions. These data, while suggestive that dechlorination
under denitrifying conditions can occur, fails to support a
conclusion that these substrates can readily be degraded in

the presence of nitrate.

C. Catechols.

Analytical difficulties prevented accurate determination
of substrate degradation patterns in both the catechol and
4,5-DCC cultures under‘ methanogenic and denitrifying
conditions. Only the methanogenic catechol culture appeared
to be actively degrading catechol, based on methane
production. Slight inhibition of background dinitrogen gas
production was observed. The apparent degradation of
catechol is consistent with work done by O'Connor and Young
(1992), in which this compound was mineralized to methane and
carbon dioxide via a phenol intermediate. Catechol was

resistant to degradation under denitrifying conditions.

D. Mixed Substrates.

The mixed substrate cultures exhibited increased
dechlorinating activity in the presence of n-butanol under

methanogenic conditions. Denitrifying cultures did not
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appear to be active. n-Butanol depressed production of both
methane and dinitrogen. The data, while not producing clear

results in regard to chloroaromatic biodegradation in mixed

'systems, provides interesting insights into the complexity of

this system. First, analytical difficulties must be overcome
to track the fate of individual substrates in a mixed system,
perhaps by running parallel biodegradation studies in which a
different substrate is radiolabeled. It also appears that
while n-butanol facilitated substrate removal under
methanogenic conditions, it inhibited mineralization of not
only the carbon in the substrates amended to the system, but
also the carbon inherent to the sediment inoculum. This may
be a manifestation of increased bioavailability due to higher
aqueous solubility of the substrates in n-butanol-saturated
water. n-Butanol may also be selectively inhibiting
methanogenesis and denitrification.
VI. CONCLUSIONS

This studied demonstrated that sediment can be
acclimated to a variety of water-soluble TCDD analogs under
at least one anaerobic condition. If the ether linkage of
TCDD can be broken by an acclimated consortia wunder
methanogenic conditions, biologically-mediated dehalogenation
of TCDD appears to be feasible. The product from the
symmetrical cleavage, 2,3-DCP, is readily dehalogenated to
phenol. One product of an asymmetrical cleavage, 4,5-DCC,
while not degraded in this study, did not inhibit

methanogenesis and may be degraded after a long lag.
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Amalgamation of the methanogenic sediments acclimated in this

study is extrapolated to hasten the dehalogenation of TCDD.

VII. FUTURE EFFORTS

Single-substrate methanogenic cultures have recently
been amalgamated in preparation for a test of the ability of
acclimated consortia to dehalogenate TCDD. Particles of
gallium oxide containing adsorbed TCDD, courtesy of Dr. M.
Gallo of New Jersey University of Medicine and Dentistry,
were added to the amalgamated methanogenic culture. After 12
weeks incubation, cultures will be assayed for TCDD and any
metabolites. If these results demonstrate TCDD metabolism,
the potential exists to develop these cultures for the

remediation of environmental materials laden with TCDD.
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