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Abstract—To determine the influence of redox potential on the reaction mechanism and to quantify kinetics of the dechlorination
by digester sludge, the test compounds trichlorofluoromethane (CFCl,), carbon tetrachloride (CCl,), and chloroform (CHCI,) were
incubated in the presence of sludge and variable concentrations of reducing agent. Different sources of dehalogenation were examined,
including live sludge and heat-killed sludge, and abiotic mechanisms were quantified in the absence of sludge. Batch incubations
were done under redox conditions ranging from +534 to —348 mV. The highest rates for the dehalogenation of the three compounds
were observed at —348 mV. The dechlorination rate of all the compounds by the heat-resistant catalysts was approximately twofold
higher than the live treatments. It was proposed that the higher degradation rates by heat-killed sludge were due to the absence of
physical barriers such as cell wall and cell membranes. There was no abiotic dechlorination of CFCl,, whereas CCl, and CHCl,
were both reduced in the absence of sludge catalyst by Ti (IIT) citrate at =2.5 mM. The degradation pathways of CFCl, and CHC],
appeared to be only partially reductive since the production of reduced metabolites was low in comparison with the total amount
of original halogenated compounds degraded. For CFCI;, the partial reductive degradation implied that different intra- and extra-
cellular pathways were concurrent. The Gibbs free energy and the redox potential for the dehalogenation reactions utilizing Ti (11I)
citrate and acetate as electron donors are reported here for the first time.
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INTRODUCTION

Reductive dehalogenation has been defined as the removal
of a halogen substituent from a molecule with concurrent ad-
dition of two electrons to the molecule [1]. The potential of
halogenated organic compounds to serve as microbial electron
acceptors in anoxic environments is well established. However,
only limited information is available on the influence of ther-
modynamics and enzymology involved in these reactions 2]
Reductive biotransformation is important in the environmental
detoxification of halogenated methanes. Dolfing and Harrison
[3] proposed that the redox potential can be used to predict
the dehalogenation pathway for chlorinated compounds, and
their results with chlorinated benzenes supported their theory.
The changes in Gibbs free energy for chlorobenzoate [4] and
tetrachloroethylene [2] were calculated and found to be highly
exergonic—approximately —170 kJ/mol. Susarla et al. {5] fur-
ther confirmed that the redox potential predicted the pathway
that yielded the highest energy for the dehalogenation steps
ot chloroanilines by anaerobic microorganisms. It has been
suggested that corrinoids and Ni-porphinoids were the de-
chlorination catalysts of methanogens and other anaerobic bac-
teria [6,7]. In two dehalogenation studies [8,9], it was proposed
that vitamin By, and the nickel-containing porphinoid F, act-
ed as catalysts for the dehalogenation of C;-hydrocarbons in
cell-free extracts and in methanogenic bacteria, respectively.
Klecka and Gonsior [10] demonstrated that reduced iron (I
porphyrins dehalogenated chlorinated methanes. Additionally,
heat-killed cells also showed reductive dechlorination of car-
bon tetrachloride (CCL) [11].
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Later, it was demonstrated that carbon monoxide (CO) was
a-product of the reductive dehalogenation of CCl, by titanium
(Ti (IlT)) citrate catalyzed by corrinoids, and the reactions pro-
posed were [12]

CCl, + 2[H] - CCl, + 2HCI
CCl, + H,0 - CO + 2HCI or
CCl, + 2H,0 — HCOOH + 2HCI
CO + H,0 — CO, + 2[H]
HCOO- + H* — CO, + 2[H]

In the present study, the AG®’ and redox potential of de-
chlorination and defluorination reactions with different elec-
tron donors were calculated. Additionally, dehalogenation ac-
tivity by catalysts present in primary anacrobic digester sludge
was measured. The sources of dehalogenation reactions ex-
amined were degradation in the presence of live digestor
sludge and autoclaved sludge, and spontaneous degradation
was measured in the absence of catalyst. The specific objec-
tives of this work were to quantify each type of reaction in
treatments with and without anaerobic sludge; to find the op-
timum redox potential for the dehalogenation of CFCl, CCl,,
and CHCI; under the conditions tested; and to document any
difference in dehalogenation pathway due to these treatments.

MATERIALS AND METHODS

Inoculum and culture conditions

Three compounds were used, CFCl,, CCl,, and CHCl,, and
each compound was incubated under three conditions, includ-
ing live and heat-killed sludge and minus sludge. The redox
potential value of each incubation treatment was adjusted by
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Table 1. Calculated AG®" and E] for single dehalogenation reactions

Electron donor

Ti (1I1) citrate H, CH,COO

Organic Organic AGY E, AG* E, AG” E,;

substrate product (kJ/mol) (mV) (kJ/mol) (mV) (kJ/mol) (mV)
CFCl, CHFCH, -193 +584 —180 +518 —-154 +383
CHFCI, CH,FCI —169 +460 ~156 +394 -107 +141
CH,FCI CH,F -159 +408 ~146 +343 -120 +207
CH,F CH, ~168 +459 -156 +393 —130 +258
CCly CHCI, -200 +625 —188 +559 -162 +423
CHCl, CH.Cl, —183 +533 -170 +467 ~144 +331
CH,Cl, CH,CI -173 +485 161 +419 ~135 +284
CH,C1 CH, -176 +500 ~163 +433 ~137 +299
CF, CHF, -102 +115 -89 +49 —63 -86
CHF, CH,F, -98 +93 -85 +27 ~59 -108
CH,F, CH,F - 120 +207 —-107 +141 —81 +6

varying the concentration of reduced titanium citrate using 0,
0.6, 2.5, 10, and 15 mM. The Ti (III) citrate was prepared
using the method of Zehnder and Wuhrmann [13]. The halo-
genated compounds were added to 13.3 to 66.6 pM (200-
1,000 nmol/vial).

Anaerobic primary sludge from the Las Cruces wastewater
treatment plant, New Mexico, USA, was used to inoculate
anaerobic 30-ml vials containing 20 ml of basalt salt medium
337 [14] amended with 10 mM of acetate. The vials were
sealed with gray butyl rubber stoppers and aluminum crimps.
The sludge was added at a concentration of 12.4 mg of dry
sludge/vial. One third of the vials were autoclaved after in-
oculation for 20 min at 120°C and were reautoclaved after 24
h. The vials for the abiotic incubations were not inoculated.
Each redox treatment was incubated in duplicate. The vials
were incubated inverted at room temperature. The redox po-
tential was measured with a Ag/AgCl electrode using 3682
Zobell solution (Yellow Springs Instruments, Yellow Springs,
OH, USA) as a standard reference and were subsequently con-
verted into £/ using the equation £4 = (X) mV + (¥) mV,
where X" = the redox potential measured with an electrode
other than the standard hydrogen electrode and ¥ = the value
of the constant potential of the same clectrode. The constant
potential value for the Ag/AgC! electrode is 235 mV [15].

Table 2. Redox potential and degradation rates®

CFCl; rates in nmol/h/mg =+ SD*

Ti (11l) Eh (mV)

citrate® at pH 7¢ Live® HR? Abiotice
0.0 +534 0.01 = 0.004 0.00 0.00
0.6 =104 0.02" 0.02 = 0.02 0.00
2.5 —223 0.04 = 0.005 0.10 = 0.03 0.00
10.0 —280 0.10 = 0.01 0.25 = 0.03 0.00
15.0 —348 0.20 = 0.01 0.33 £ 0.15 0.00

" Rates were drawn from linear portions of the degradation curves.
All degradation rates are on a per mg dry weight sludge basis, in-
cluding the abiotic systems. No abiotic degradation of CFCl, was
observed at any redox levels.

" Standard deviation.

¢ Concentration of titanium citrate in millimols.

¢ Redox potential in millivolts based on the standard hydrogen elec-
trode.

¢ Live sludge.

" Heat-resistant, autoclaved sludge.

¢ No sludge inoculum.

"Single sample.

Change in Gibbs free energy and redox potential
calculations

The equation AG* = X AG}(products) — 3 AG}(substrates)
was used to calculate the change in Gibbs free energy for
dehalogenation of trichlorofluoromethane, dichlorofluorome-
thane (HCFCl,), chlorofluoromethane (H,CFCl), fluorometha-
ne (H,CF), tetrachloromethane (CCl,), chloroform (CHCL,),
dichloromethane (CH,Cl,), chloromethane (CH,Cl), tetrafluo-
romethane (CF,), trifluoromethane (HCF,), and difluorome-
thane (H,CF,). The H,0, acetate (CH,COO™), or Ti (III) citrate
were used as electron donors in the calculations. The C,-ha-
logenated Gibbs free energy of formation values were taken
from Lange’s Handbook of Chemistry [16]. The AG? for Cl-
was taken from Stumm and Morgan [17] and the AG} for H,,
H*, H,0, CH;COO~, and HCO; were taken from Thauer et
al. [18]. The AG®' for the reactions with Ti (III) citrate as
electron donor was calculated by adding the AG® of the two
half reactions. The AG®" for the Ti (I1I) citrate/Ti (IV) citrate
half reaction was calculated from the potential difference with
2H*/H, and the equation AG® = —nFAE].

The redox potentials were calculated from AG®' for the redox
compounds reduction with H, using the equation AG> = —
nFAE,, where AE, = E (redox compound) — E.(H*/H,) [14];
n = number of electrons transferred in the reaction; and F =
Faraday constant, 96.49 kJ/V equivalent.

Analytical procedures

For the gas chromatography analysis of trichlorofluoro-
methane and HCFCl,, 1 and 10 pl of headspace were sampled,
respectively. The analytical conditions for the CFCl, were in-
jector 150°C, column oven 150°C, and detector 250°C and for
the HCFCI, were injector 150°C, column oven 75°C, and de-
tector 300°C. The retention times were 2.0 min for CFCl; and
4.8 min for HCFCl,. The gas chromatograph (Varian 3800,
Palo Alto, CA, USA) was equipped with an electron capture
detector and a stainless steel carbopack™ B/1%SP™-1000 col-
umn mesh size 60/80, 243.8 by 0.32 cm o.d. (Supelco, Bel-
lefonte, PA, USA). For CHCl, and CH,Cl, analysis, the head-
space sample size was 10 ul, the analytical conditions were
injector 150°C, column oven 150°C for CHCI; and 75°C for
CH,Cl,, and the detector 250°C for the CHCI; and 300°C for
the CH,Cl..

For the CCl, analysis, 5 ul of headspace were injected into
a gas chromatograph 5890 Series Il (Hewlett-Packard, Palo
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Table 3. Redox potential and degradation rates®

CCl, rates in nmol/h/mg = SDb

CHCI; rates in nmol/h/mg + SDb

Ti () Eh (mV)

citrate*  at pH 7¢ Live® HRf Abiotice Live HR Abijotic
0.0 +534 0 0 0 0 0 0

0.6 104 0.01 = 0.006 0.002 = 0.002 0 0.03 # 0.01 0.02 = 0.02 0.02 = 0.004
2.5 —223 0.09 = 0.05 0.07 = 0.05 0.002 = 0.002 0.051 = 0.01 0.06 = 0.01 0.03 % 0.005
10.0 —280 0.14 * 0.04 0.28 = 0.08 0.10 = 0.02 0.04 = 0.002 0.08 = 0.01 0.05 = 0.01
15.0 —348 .31 = 0.02 0.55 = 0.11 0.14 = 0.05 0.04 = 0.02 0.09 = 0.02 0.06 = 0.01

* Rates were drawn from linear portions of the degradation curves.

b Standard deviation.

¢ Titanium citrate concentration in millimols.

¢ Redox potential in millivolts based on the standard hydrogen electrode.
¢ Live sludge.

"Heat-resistant, autoclaved sludge.

¢ No sludge inoculum.

Alto, CA, USA) equipped with a capillary column Omega-
max® 250, 30 m X 0.25 mm X 0.25-pm film (Supelco), and
an electron capture detector. The analysis conditions were in-
Jjector 200°C, column oven 35°C, and detector 200°C. The
retention time for CCl, was 2.1 to 2.2 min. For each of the
three halogenated methanes, a standard curve was made to
quantify the compound content in the samples.

All the live treatments were also analyzed for methane pro-
duction using a gas chromatograph 5890 Series II (Hewlett-
Packard) equipped with a capillary column 25-m length X
0.32-mm o.d. X 0.52-um film thickness and a flame ionization
detector. The analytical conditions for methane were the in-
jector 200°C, column oven 65°C, and detector 200°C. The
retention time for CH, was 1.4 to 1.5 min.

RESULTS
Measured redox potential

The standard curve redox potentials measured at pH 7 with
a Ag/AgCl electrode were +299, —339, —458, 513, and
=583 mV for 0.0, 0.6, 2.5, 10.0, and 15.0 mM Ti (I1I) citrate,
respectively. The values obtained from the redox potentials
(El) above (in the same order) were +534, —104, —223,
~280, and —348 mV. The E/ values are the ones presented
in the figures, tables, and throughout the article.

Thermodynamics

The calculations showed that reductive dechlorination was
more exergonic than reductive defluorination (Table 1). The
change in Gibbs free encrgy for the dehalogenation of CFCl,,
CCl,, CHCl,, and their respective metabolites, was consider-

ably more negative when Ti (1II) citrate instead of H, or
CH,COO~ was used as the electron donor. Also, the redox
potentials of the dehalogenating couples at pH 7 and equimolar
concentrations were greater when Ti (III) citrate was used
(Table 1).

Kinetics

Neo matter the source of dehalogenation catalyst, the deg-
radation rates for CFCl;, CCl,, and CHCI; were inversely re-
lated to the redox potential, with 72 = 0.84 and 0.93 for CFCl,
live and heat-resistant treatments, respectively; 72 = 0.88, 0.85,
and 0.78 for CCl, live, heat-resistant, and abiotic treatments,
respectively; and 2 = 0.52, 0.97, and 0.93 for CHCI, live,
heat-resistant, and abiotic treatments. The 2 values are based
on a linear model. Tables 2 and 3 show the degradation rates
for the three compounds at the distinct redox potentials used.
CFCl,;, CCl, and CHC; degradation rates were extremely low
in the absence of Ti (I1) citrate in all the experiments. For all
three compounds, the highest degradation rates were observed
by heat-resistant catalysts at the lowest (—348 mV) redox.
These maximal rates for CCl,, CFCl,, and CHCI; were 0.55,
0.33, and 0.09 nmol/h/mg, respectively (Tables 2 and 3).

CFCl, abiotic treatments did not show any degrading ac-
tivity. The CCl, underwent abictic degradation, although it
was lower than live and heat-resistant activities (Table 3). The
CHCI; also underwent abiotic degradation, which occurred at
comparable rates to live activities at —280 and —348 mV
(Table 3). Like in the live and heat-resistant samples, the deg-
radation rates were inversely related to the redox potential of
the medium, with r2 = 0.78 for CCl, and 2 = 0.93 for CHC],.

Table 4. Conversion of CFCl, to HCFCI, (after 55-d incubation)

Live activity

HR? activity

Eh (mV)b CFCl, HCFCl, HCFCl, CFCl, HCFCl, HCFCl,
at pH 7 (nmol)* (nmol)© (%) (nmol)® (nmol)* (%)¢
+534 0 0 0 0 0 0
-104 389.1¢ 194.4¢ 50.0¢ 414.7 £ 7.2 127.9 = 3.1 30.8 = 0.73
—223 559.0 = 14.1 479.7 = 13.8 858 £ 2.5 900.8 = 6.3 674.5 = 7.0 74.9 + 0.77
--280 7774 *= 20.4 661.1 + 14.6 85.0 £ 1.9 1,119.2 = 7.3 5925 = 57 529 = 0.51
348 995.8 * 15.2 868.9 = 3.9 87.2 % 0.39 1,118.9 = 7.1 501.4 = 8.3 44.8 *+ 0.74

* Heat-resistant, autoclaved sludge.

® Redox potential in millivolts based on the standard hydrogen electrode.
¢ Total nanomols degraded or produced * standard deviation.

4 Percent CFCl, converted to HCFCl,.

¢ Single sample.
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Table 5. Conversion of CCl, to CHCI, (after a 3-d incubation)

Live activity HR? activity Abiotic?

Eh (mV) ccl, CHCl, ccl, CHCI, cey, CHCl,
at pH 7¢ (nmol)? (nmol)¢ (nmol)¢ (nmol)4 {nmol)* (nmol)¢

534 0 0 0 0 0 0
—104 58.1 %25 634 = 0.7 43.7 £ 2.1 40.3 £ 2.0 0 0
—-223 165.7 + 4.8 169.7 = 0.6 1053 = 2.6 1154 = 4.2 9.9 *+ 43 394 24
-280 2053 £ 0.8 2183 * 5.3 207.4 = 0.0 2162 = 2.7 76.9 = 2.7 83.0 + 2.2
—348 206.1 + 04 2165 £ 2.2 207.5 = 0.0 228.7 + 6.6 1758 £ 2.2 186.7 = 2.6

* Heat-resistant, autoclaved sludge.
® No sludge inoculum,

¢ Redox potential in millivolts based on the standard hydrogen electrode.

4 Total nanomols degraded or produced * standard deviation.

Reductive pathway

The transformation pathway of the halogenated compounds
depended both on the redox potential and the source of de-
halogenation catalyst. Incubation in the presence of the live
catalysts resulted in 50% of the CFCI; compound being re-
duced to its dechlorination product, HCFCl,, at a redox of
~339 mV and 86% of it being converted to HCFCl, at a redox
of —223 mV (Table 4). No further production of HCFCI, by
the live sample was observed at lower redox potentials. The
conversion of the CFCI; to HCFCI, by the heat-resistant cat-
alysts in the autoclaved sludge reached a maximum at —223
mV (75%) and then progressively decreased to 45% conver-
sion (Table 4).

Independent of the source of catalyst, degradation of CCl,
increased in response to decreasing redox potential, and nearly
100% of what was degraded was converted to HCCI, (Table
5). Figure | shows a representative incubation in the presence
of live sludge in which the stoichiometric conversion of CCl,
to HCCl, is evident. When HCCI; was incubated over much
longer periods, 79% of the HCCl; was reduced to H,CCl, in
the no-sludge incubations, whereas only 16% was reduced to

‘H,CCl, in the presence of live sludge (Table 6 and Fig. 2).

The strong dependence on redox potential of the abiotic pro-
duction of H,CCl, is apparent in Figure 2.

0.6 mM Ti (III) citrate live 2.5 mM Ti (III) citrate live
250 250 1
200 -104 mv
150
100
50

CCly (nmols)

(=)

0 20 40 60 80 0 200 40 60 80

10 mM Ti (IIf) citrate live 25015 mM Ti (III) citrate live

= 250

'g 200 200

£ 150 150

= 100 100 -348 mV
)

0 20 40 60 80 0 20 40 60 80

Time (hours) Time (hours)

Fig. 1. Degradation of carbon tetrachloride (diamonds) and production
of chloroform (circles) under different redox conditions by the live

catalysts. The data are the means of duplicate samples. CHCl, =
chloroform; CH,Cl, = dichloromethane.,

Methanogenesis

In the absence of halogenated compounds, methanogenesis
increased with increasing Ti (III) citrate concentration up to
2.5 mM, after which the rates decreased (Table 7). Methan-
ogenesis was completely inhibited at all redox levels in the
presence of CCl, and CHCI;, but interestingly, CFCl; was only
partially inhibitory. Formation of methane resumed following
CFCl, transformation to HCFCl,. In contrast, after CCl, was
converted to CHCIL,;, methanogenesis remained inhibited and
resumed only following degradation of CHCI, (data not
shown).

DISCUSSION

Our thermodynamic calculations showed that the Gibbs free
energy for the reductive dechlorination of the compounds stud-
ied and their metabolites was higher than the Gibbs free energy
for their reductive defluorination. The redox potentials of the
dechlorination couples were more positive than the defluori-
nation couples (Table 1). Moreover, correlating with these cal-
culations and other reports [19,20], our experimental data con-
firm that dechlorination is more favorable than defluorination.
Notably, this agrees with the themodynamic predictions of
Dolfing and Harrison [3].

The fact that CFCl;, CCl,, and CHCI, degradation was neg-
ligible at +534 mV (no Ti (III) citrate added, acetate present)
in all the experiments confirmed the importance of the reducing
equivalents for the reductive dehalogenation to take place. The
availability of these electrons was reflected by the redox po-
tentials of the treatments (Tables 2 and 3). Due to the fact that
degradation only happened in the presence of Ti (III) citrate,
we consider Ti ([II) citrate and not acetate to be the electron
donor in our systems. Correlating with this result, depletion
of CCl, under redox potentials ranging from +188 to —263
mV has been observed [21]. Addition of 300 wM Ti (11]) citrate
was found to increase CCl, degradation rates by autoclaved
sludge [22]. Since methanogenesis was the dominant anaerobic
process occurring in the incubations [23], we will focus this
discussion on methanogenic catalysts.

Live and heat-resistant catalysts

Kinetics. The heat-resistant catalysts’ degradation rates were
approximately twofold higher than the live catalysts’ degra-
dation rates at the lowest redox, Consistent with a model we
have proposed recently [23], this difference can be largely
explained by differential access of the substrate to the catalyst,

In the live incubations, the corrinoids or Ni-porphinoid co-
factors are mainly intracellular. Interaction of halogenated
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Table 6. Conversion of CHCl, to CH,Cl, (after a 25-d incubation)

Live activity® HR® activity Abiotice

Eh CHCI, CH,Cl, CH,CL, CHC, CH,CI, CHLCL, CHCI, CH,Cl, CH,CI,
(mV)y (nmol)* (nmol) (%)" (nmol)« (nmol)* (%)¢ (mmol)* (nmoly® (%)"
+534 0 0 [¢] 0 0 0 0 0 0
—104 2156 £42 273 *x25 127 1.1 1642 = 4.2 196 £ 1.8 119 = 1.1 [22.1 55 205=%23 16.8 = 1.8
—-223 3793 £ 6.6 844 £3.0 222 %08 457.6 = 7.9 1265 39 276 = 0.8 217.0 £ 48 929 +34 428 =* 16
—280 3316 3.1 405 * 6.1 2.2 + 1.8 596.3 = 3.2 1942 +£32 326 * 0.5 3823 £28 2119 %22 554=*06
-348 3397 £ 32 55345 163 *13 620.8 =24 1963 42 316 = 0.7 430.7 £ 3.0 3402 =36 790 =08

2 Live sludge.
® Heat-resistant, autoclaved sludge.
¢ No sludge inoculum.

“ Redox potential in millivolts based on the standard hydrogen electrode at pH 7.

¢ Total nanomols degraded or produced % standard deviation.
fPercent CHCI, converted to CH,Cl, *+ standard deviation.

methanes with the target cofactors inside the cell can be ex-
pected to be impeded simply due to the presence of physical
barriers such as the cell wall and the cytoplasmic membrane.
Particular to the methanogens, one must take into account the
extremely close-fitting attachment of the archaeal cell wall
glycoprotein [24] and the polarity of the complex lipids in the
archaeal cell membrane [25]. Cell-wall structure rigidity and
cell membrane polarity would not favor the transport of hy-
drophobic molecules such as CFCI; into the cell. The inter-
action between the halogenated compound and the organo-
metallic cofactor under live conditions with whole cells would
occur at a lower rate in comparison with the heat-resistant
treatments, where the cell-free cofactors are more accessible.

The CCl, degradation rates were higher than the degrada-
tion rates for CFCl; and CHCI, (Tables 2 and 3). This is con-
sistent with the thermodynamic calculations (Table 1), where
CCl, exhibits a higher redox potential and a higher change of
Gibbs free energy associated with its dechlorination, The
CHCI; degraded at much slower rates than CFCI, and CCly;
its lower redox potential would make it less prone to reductive
dechlorination.

Pathways. The live and heat-resistant catalysts not only con-
trasted in kinetics but in the degradation pathways. For CFC,
and CHCI,, the results showed that there must be other path-
ways than reductive dehalogenation at work since the con-

CHCI, Conversion to CH,CI,

100+
W Live
754 EHR
= O Abiotic

o
=
g
£

g so0
Q
3

254

o

Redox potential (mV)

Fig. 2. Differential CH,Cl, production between degradation driven by
abiotic mechanisms versus live and heat-resistant catalysts; CHCl,
degradation (% conversion data graphed from Table 6). CHCIl, =
chloroform; CH,Cl, = dichloromethane.

version to their reduced metabolites (HCFCI, and CH,Cl,, re-
spectively) was only partial (Tables 4 and 6). The CCl, was
entirely converted to CHCI,, most likely due to its high redox
potential, which favors reductive dechlorination. As expected,
high oxidation state increases a chemical compound’s capacity
to accept electrons (Table 5).

More than 50% (50-87%) of CFCl, was reduced to HCFCl,
by live catalysts, whereas in the heat-resistant catalysts, only
31 to 45% was converted to HCFCl, (Table 4). From these
results and our previous results [19], here we propose that,
within cells, the major pathway taking place is reductive,
whereas extracellularly, other pathways dominate over the re-
ductive pathway. Alternate pathways of CFCl, degradation
have been proposed {12]. In cell-free extracts, the first inter-
mediate produced was ~CFCl,, which is very unstable and
readily decomposes to CFCIl, which hydrolyzes to CO, HF, and
HCI or dimerizes to C,F,Cl,. Minimal production of HCFCL,
was found.

Similarly, the conversion of CHCI, to its reduced metabolite
CH,Cl, was only partial (Table 6). Research with a methan-
ogenic reactor reported only 24% (live sludge) and 5% (au-
toclaved sludge) of CHCI; was converted to CH,CI, [22]. In-
terestingly, the highest percent conversion to CH,Cl, was in
the absence of sludge catalyst (Fig. 2). The degradation results
for CHCI; showed that the conversion of this compound to
other end products, e.g., oxidized metabolites, is more ther-
modynamically feasible, probably due to its lower redox po-
tential compared with CFCl, and CCl,. It has been demon-

Table 7. Methane production®

Ti (ITH Rates in nmol/h/mg = SDb

citrate  Eh (mV)

(mM)*  at pH 7¢ Control® +CFCl, +CCl; +CHCI,
00 +534 0.48 * 0.24 0 0 0
0.6 —104 294+ 069 1.19 = 1.1 0 0
2.5 —223 3.63 * 0.41 110 = 0.45 0 0
10.0 ~280 3.02 09  1.10 = 0.6 0 0
15.0 —348 1.95 = 1.1 0.30 = 0.23 0 0

* Rates were drawn from lincar portions of the CH, production curves.
All the methane production rates are on a per mg dry weight sludge
basis.

® Standard deviation.

¢ Concentration of titanium citrate in millimols.

4Redox potential in millivolts based on the standard hydrogen clec-
trode.

¢ The control had no halogenated compound present.










