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low concentration, due to their higher af“nity for H 2 (low half-
velocity coef“cient for H 2 use). As an example, Smatlak et al.
reported a 10-fold higher half-velocity constant for H 2 use for
methanogenesis (960 ± 180 nM) compared to PCE dechlorination
to VC (100 ± 50 nM).

In the present study, we investigated at a laboratory scale, the
feasibility of using a graphite electrode (cathode) polarized at con-
trolled potential values, to generate H 2 (from protons reduction)
at controlled rates in support of the microbial reductive dechlo-
rination of TCE. Process ef“ciency as well as the competition for
produced H 2 between dechlorinating bacteria and methanogens
was examined as a function of the potential applied to the graphite
electrode.

2. Experimental

2.1. Bio-electrochemical cell

The lab-scale, bio-electrochemical cell used in this study was
specially designed for cultivating strictly anaerobic bacteria. It con-
sisted of two gastight borosilicate glass bottles separated by a 3 cm 2

cross-sectional area, Na“on 117 ® (DuPont) proton exchange mem-

brane (PEM) ( Fig. 1). Prior to be assembled in the cell, the PEM
was pretreated as described previously [26] . The total volume in
each compartment was approximately 300 mL, and the liquid vol-
ume was 160 mL. Both the cathodic and anodic compartments
were equipped with side arms, ending with Te”on-faced butyl
stoppers, which allowed the sampling of the headspace and liq-
uid phase. The cathode (working electrode) consisted of 3 rods
of unpolished graphite (100 mm length, 8 mm diameter) and the
anode (counter electrode) was a platinum wire. A reference elec-
trode (i.e., saturated Ag/AgCl; +200 mV vs. SHE) (Amel S.r.l., Milano,
Italy) was placed in the cathode compartment. The electrodes were
soaked in deionized water prior to being used. Electrochemical
measurements and monitoring were performed using a Galvanos-
tat/Potentiostat MACCOR 4000 (Kyunggi-Do, Korea) interfaced to a
computer.

2.2. Culture and medium

The cathodic compartment of the bio-electrochemical reactor
was initially inoculated with 160 mL of a TCE dechlorinating culture,

Fig. 1. Scheme of the bio-electrochemical cell, and proposed mechanisms by which
the H 2 produced at the cathode from protons reduction supports the microbial
reductive dechlorination of TCE.
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highly enriched in Dehalococcoides spp. [7,26] . The original culture
could dechlorinate TCE to predominantly VC and ethene, using H 2

as electron donor. Weekly, the dechlorinating culture in the cathode
compartment of the bio-electrochemical reactor received a dose
of TCE (0.08 mmol) and molecular H 2 (0.4 mmol). Before each re-
feeding, the headspace of both the cathodic and anodic chambers
was ”ushed with N 2/CO2 gas mixture (70:30) to remove volatile
compounds including residual TCE, dechlorination products and
methane. Weekly, a volume ( � 14 mL out of 160 mL) of the cul-
ture was removed and replaced by fresh anaerobic basal medium,
which contained (g/L): (NH 4)2Cl, 0.5; MgCl 2·H2O, 0.1; K2HPO4, 0.4;
CaCl2·H2O, 0.05; 10 mL of a trace metal solution [27] , and 1 mL
vitamin solution [28] . The pH of the medium was measured and cor-
rected to � 7.5 using NaHCO 3 (10%, w/w). The average hydraulic and
cell retention time in the bio-electrochemical reactor was approxi-
mately 80 days. Once per month, the culture also received a dose of
yeast extract (5 mg) as a carbon source. Periodically, the anolyte
was also replaced by freshly prepared basal medium. The bio-
electrochemical cell was maintained in a water batch at 25 � C. The
content of the cell (both the cathodic and anodic compartments)
was continuously mixed with a magnetic stirrer.

2.3. Batch potentiostatic experiments

To investigate the in”uence of applied cathode potentials on
the rate of TCE dechlorination and methanogenesis, batch poten-
tiostatic experiments were conducted. In these experiments, the
cathode (working electrode) was polarized with a potentiostat
to the desired value in the range Š0.7 to Š1.0 V vs. an Ag/AgCl
reference electrode. Prior to the beginning of each test, the two
compartments were ”ushed for approximately 0.5 h with N 2/CO2

gas mixture to eliminate residual volatile compounds and to assure
anaerobic conditions. The cathodic compartment was then spiked
with the desired mass of TCE (25 �mol) and the cathode was
polarized to the desired potential. During the experiments, at
regular intervals, gaseous samples (100…500 �L) were removed
from the headspace of the cathodic compartment, using gastight,
sample-lock Hamilton (Reno, NV) syringes and analyzed by gas
chromatography for TCE, TCE-dechlorination products, methane,
and hydrogen. During the tests, the bio-electrochemical reactor
was maintained at 25 � C in a water bath and both compartments
were kept under magnetic stirring. Abiotic batch potentiostatic
experiments were also performed to quantify the electrochemical
reductive dechlorination of TCE in the absence of the dechlorinating
culture. These tests were carried out in a parallel reactor, adopting

identical electrodes and conditions used for biotic experiments.

During the experiments the current ”owing in the circuit was
recorded. The cumulative electric charge ( �F) transferred was
calculated by integrating current over the period of electrode polar-
ization. Cumulative reducing equivalents ( �eq) that were used
for reductive dechlorination or methanogenesis were calculated
from the measured levels of TCE dechlorination products and
methane, as previously described [7] . Molar equivalents factors
used were: 2 eq/mol for each chlorine removed from chlorinated
ethenes, 2 eq/mol for hydrogen, and 8 eq/mol for methane. Cur-
rent ef“ciencies for reductive dechlorination or methanogenesis
were calculated, at any time, as the ratio between the cumula-
tive equivalents used for dechlorination or methanogenesis and the
cumulative electric charge transferred at the electrode.

To account for variations of activity of the microbial culture
over time, due to growth and little changes in composition of
growth medium, each potentiostatic experiment was anticipated
by a control test. Such control tests were conducted under con-
ditions identical to those previously described but without the
application of an external potential to the cathode (these tests are
hereafter referred to as •open circuit experimentsŽ). For each poten-
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tiostatic experiment (also for open circuit experiments), the initial
dechlorination rate and methane formation rate were calculated
from the regression of the initial linear time pro“le of the cumula-
tive dechlorination curve and methane formation curve. The effect
of H 2 concentration on dechlorination rate and methane forma-
tion rate was assumed to follow Michaelis…Menten kinetics. The
half-velocity coef“cients for H 2 were obtained by “tting rates vs.
liquid phase H 2 concentrations using a software package (SCIEN-
TIST, Micromath Inc., St. Louis, MO, USA). Model equations were
solved numerically using fourth-order Runge-Kutta method. The
standard deviation for each parameter was also estimated.

2.4. Analytical methods

Chlorinated ethenes, ethene, ethane, and methane were ana-
lyzed in 250…500 �L gaseous samples, using a gas chromatograph
Varian 3400 (Palo Alto, CA) equipped with a ”ame ionization detec-
tor, as described previously [26] . H2 was analyzed in 500 �L gaseous
sample by a Trace Analytical TA3000R equipped with a reduction
gas detector (RGD) (Menlo Park, CA) [13] . When the H 2 level was
above the range of the RGD, i.e., >0.5 �mol, it was quanti“ed using
a Varian 3400 GC equipped with a thermo-conductivity detector
(TCD), as described elsewhere [29] . Headspace concentrations were
converted to nominal concentrations (total amount of substance
divided by the liquid volume of the bottle) or liquid phase concen-
trations using tabulated Henry•s law constants.

3. Results and discussion

3.1. Reductive dechlorination and methanogenesis in batch
potentiostatic experiments

Fig. 2A compares the time course of TCE dechlorination by
the mixed culture either with the graphite cathode polarized to
Š0.850 V (vs. Ag/AgCl) or without cathode polarization (i.e., open
circuit control experiment). In the latter case, the equilibrium
potential of the cathode was around Š0.420 V (vs. Ag/AgCl).

In the open circuit control experiment, TCE was dechlorinated at
a very low rate (i.e., 0.72 ± 0.01 �eq/h, based on formed dechlorina-
tion products) and little amounts of cDCE accumulated ( Fig. 2A). The
reducing equivalents required for this slow biodegradative activ-
ity were probably provided by the endogenous metabolism of the
biomass itself. Conversely, with the cathode polarized to Š0.850 V
(vs. Ag/AgCl), the reductive dechlorination of TCE proceeded at a

rate of 3.73 ± 0.02 �eq/h, and hence 5.2-times faster than in the
control experiment ( Fig. 2A). Also in this case, cDCE was the main
dechlorination intermediate which accumulated during the 8-h
batch experiment, although lower levels of VC and ethene were
also formed (data not shown).

In a parallel abiotic potentiostatic control experiment (i.e., in
the absence of the mixed culture), with the cathode polarized to
Š0.850 V (vs. Ag/AgCl), the initial rate of TCE dechlorination at the
graphite electrode was extremely low (0.33 ± 0.01 �eq/h), thereby
con“rming that at this cathode potential the presence of a special-
ized biocatalyst was required to achieve effective TCE degradation.

The mixed culture employed in this study displayed a very low
basal methanogenic activity ( � 5 times lower than the dechlori-
nating activity), which was however remarkably stimulated ( � 4.5
times) by the polarization of the electrode to Š0.850 V (vs. Ag/AgCl)
(Fig. 2B).

The stimulatory effect of cathode polarization on both TCE
dechlorination and methanogenesis is consistent with a signi“-
cantly higher H 2 concentration level in the experiment at Š0.850 V
(vs. Ag/AgCl) compared to the open circuit experiment ( Fig. 2C).
Indeed, in the latter case the H 2 liquid phase concentration
Fig. 2. Time course of microbial TCE dechlorination (A), methane production (B),
and liquid phase hydrogen concentration (C) in a batch experiment at Š0.850 V vs.
Ag/AgCl (“lled symbols), or at open circuit (open symbols).

remained very low, and nearly constant at 1.5…2.5 nM, throughout
the experiment, whereas at Š0.850 V (vs. Ag/AgCl), the H 2 concen-
tration was as high as 100 nM ( Fig. 2C).

Based on these “ndings, it is con“rmed that reductive dechlori-
nation and methanogenesis were both driven by the H 2 produced
from the reduction of protons, according to the mechanism
depicted in Fig. 1.

3.2. In”uence of polarization on hydrogen concentration levels,
TCE dechlorination and methanogenesis

Several batch experiments at different cathode potentials in the
range Š0.700 to Š1.000 V (vs. Ag/AgCl) were carried out. Fig. 3
shows the time course of liquid phase hydrogen concentration
during these experiments. Notably, the liquid phase H 2 concen-
tration in the test at Š0.700 V (vs. Ag/AgCl) was indistinguishable
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which also corresponded to an increase of the liquid phase H 2 con-
Fig. 3. In”uence of the cathode polarization on the time course of liquid phase
hydrogen concentration during batch dechlorination experiments.

from that observed at open circuit (i.e., 1.5…2.5 nM) ( Fig. 3), thereby
suggesting that no H 2 was produced. Apparently, a cathode poten-
tial more negative than Š0.800 V (vs. Ag/AgCl) was required to
achieve protons reduction and concomitant H 2 production ( Fig. 3).
This “nding is in agreement with the reported high overpoten-

tials for H 2 evolution at graphite electrodes [30…32]. In the range
from Š0.800 to Š1.000 V (vs. Ag/AgCl), the potential applied to the
cathode had a remarkable in”uence on the resulting hydrogen pro-
“les during the experiments. As expected, the more negative the
potential, the higher the hydrogen evolution rate and the result-
ing liquid phase concentrations during the experiments ( Fig. 3).
Interestingly, in a narrow range of potentials, namely from Š0.800
to Š0.825 V (inset of Fig. 3) an increase in the rate of hydrogen
evolution from the electrode was compensated by an increase in
the biological rate of hydrogen utilization, as better described later
in this paragraph. Consequently, different •steady-stateŽ hydrogen
concentrations were maintained throughout these tests. At more
negative potentials (< Š0.850 V vs. Ag/AgCl), the rate of hydrogen
production exceeded the rate of hydrogen consumption and there-
fore hydrogen accumulated in the cell during the experiments
(Fig. 3).

As for TCE dechlorination and methane formation, their normal-
ized rates (i.e., rate measured at a given cathode potential divided by
the rate measured in a closely preceding control experiment at open
circuit) showed a sigmoidal dependency on the externally applied
cathode potential ( Fig. 4). Negligible stimulation of TCE dechlori-

Fig. 4. In”uence of the cathode polarization on the initial rate of TCE dechlorination
and methane formation.
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Fig. 5. In”uence of the liquid phase H 2 concentration on the initial rate of TCE
dechlorination and methane formation.

nation and methanogenesis occurred when the cathode potential
was higher than Š0.800 V (vs. Ag/AgCl), in agreement with the pre-
vious “ndings that a potential more negative than Š0.800 V (vs.
Ag/AgCl) was required to produce H 2. On the other hand, a sharp
increase of TCE dechlorination rate and methane formation rate
occurred in the range Š0.825 to Š0.850 V (vs. Ag/AgCl) ( Fig. 4),
centration from around 15 nM to around 50…100 nM ( Fig. 3). No
further increase of both TCE dechlorination and methane forma-
tion was observed at more negative potentials. It is worth noting
that dechlorination and methanogenesis were in”uenced by cath-
ode polarization in a very similar way, therefore suggesting a similar
•af“nityŽ for H 2. Fig. 5 shows the in”uence of the liquid phase H 2

concentration on the initial rate of TCE dechlorination and methane
formation. Experimental data were “tted to the Michaelis…Menten
model in order to calculate half-velocity coef“cients for H 2 (i.e.,
a measure of enzyme af“nity for the substrate) of both dechlori-
nation and methanogenesis. As anticipated, the calculated values
(20.1 ± 7.6 and 17.9 ± 8.5 nM for TCE dechlorination and methane
formation, respectively) were very similar and however statistically
indistinguishable.

3.3. Current consumption and ef“ciency

Fig. 6 shows the cumulative electric charge ( �F) transferred
during the batch experiments at different cathode potentials. For

Fig. 6. Cumulative charge ( �F) transferred during batch experiments at different
cathode potentials.
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Fig. 7. In”uence of the cathode potential on current ef“ciency for dechlorination
and methanogenesis.

each experiment, the average current ef“ciency for dechlorina-
tion and methanogenesis was also calculated as the percentage of
the cumulative electric charge used for the biological reaction. As
shown in Fig. 7, the highest values of current ef“ciency for both
dechlorination and methanogenesis were observed in the range
of cathode potentials from Š0.800 to Š0.900 V. Current ef“ciency
for dechlorination ranged between 35 and 50%, whereas current
ef“ciency for methanogenesis ranged between 8 and 18%. At more
negative cathode potentials (< Š0.900 V vs. Ag/AgCl), current ef“-
ciency sharply dropped. This was primarily due to the fact that
current consumption resulted in H 2 production rates which greatly
exceeded bacterial H 2 utilization rates; hence under these condi-
tions large amounts of H 2 accumulated in the headspace of the
bio-electrochemical cell. The incomplete electrons recovery, also in
those experiments in which H 2 did not accumulate to a signi“cant
extent, was most probably due to the reduction of oxygen which,
after being produced at the anode ( Fig. 1) could diffuse through the
PEM into the cathode chamber.

It is worth noting that, in spite of the high current ef“ciency,
a cathode potential of Š0.800 V vs. Ag/AgCl cannot probably be
considered for practical application because of the very low dechlo-
rination rates. Along this line, it is reasonable to state that, under
the speci“c conditions of this study, the optimal cathode potential

is in the range Š0.850 to Š0.875 V vs. Ag/AgCl.

3.4. Bio-electrochemical vs. electrochemical dechlorination of
chlorinated solvents

In the past years, many fundamental and applied studies have
investigated the electrochemical reductive dechlorination of chlo-
rinated aliphatic hydrocarbons on several cathode materials, both
in aqueous and non-aqueous solutions [33…37], for the poten-
tial of this process to eliminate these compounds from polluted
waste streams. In aqueous solutions, rapid dechlorination of a
wide range of chlorinated compounds was achieved using Ag-
, Zn-, Ni-, Cu-, Pt-, or Pd-based cathodes [33,38,39] . Despite of
their remarkable electrocatalytic activity toward chlorinated com-
pounds, several problems potentially limit the application of these
cathode materials. These include high production costs, low over-
potentials for competing H 2 evolution, loss of reactivity especially
when employed to treat contaminated waste streams of com-
plex chemical composition (e.g., containing poisoning agents such
as sulfur compounds), as well as their structural integrity over
extended periods of operation. To possibly overcome some of these
cta 53 (2008) 5300…5305

limitations, more •sustainableŽ electrode materials such as dimen-
sionally stable electrodes [40] , or granular graphite have been
proposed [41…43]. The main perceived limitation in the use of these
cathodes is that highly negative potentials are required to achieve
rapid reduction of the chlorinated compounds. As an example,
using a Ti/MMO (mixed oxide coated titanium) cathode [40] appre-
ciable reduction of TCE required a potential signi“cantly lower than
Š1.0 V (vs. Ag/AgCl). At Š1.0 V (vs. Ag/AgCl) an initial rate of TCE
dechlorination of around 3.3 �eq/h was obtained, which is very
similar to the value obtained in the present study, even at less nega-
tive cathode potentials. With granular graphite as cathode material
[41,43] , an even more negative cathode potential (and accordingly
a much higher energy input) was required to achieve substan-
tial TCE dechlorination. Under such conditions hydrogen evolution
reaction could not be prevented and, as a consequence of that,
current ef“ciencies were always below 1%. Based on these consider-
ations, it is clear that the bio-electrochemical approach presented
in this study has some potential advantages over purely electro-
chemical approaches for chlorinated hydrocarbons dechlorination.
Indeed, it combines the use of robust and sustainable graphite
electrodes with the highly speci“c catalytic activity of dechlori-
nating bacteria. Moreover, considering that the primary function
of the electrode is to in situ produce low levels of H 2 needed to
sustain the metabolism of the dechlorinating bacteria, and not to
directly reduce the contaminants, the energy requirements of the
systems are anticipated to be relatively low. As an example we cal-
culated that at Š0.850 V (vs. Ag/AgCl), the energy requirement of
the bio-electrochemical system was as low as 10.6 kWh/kg TCE, and,
accordingly, over one order of magnitude lower than that required,
under the same conditions, for the abiotic electrochemical reduc-
tion of TCE (i.e., � 110 kWh/kg TCE). On the other hand, compared
to purely electrochemical systems, the bio-electrochemical pro-
cess herein described has also some potential limitations. As an
example, bio“lm formation on the surface of the electrode may,
in some cases, result in mass-transfer limitations, time-dependent
increased overpotentials for hydrogen evolution, and high sensitiv-
ity of dechlorinating bacteria to oxygen and other co-contaminants.
Overall, both bio-electrochemical and electrochemical processes
have pro and con which need to be carefully evaluated when a tech-
nological solution has to be considered for the treatment of a given
chlorinated-compounds contaminated ef”uent.

4. Conclusions
The results of this study demonstrate that a graphite cath-
ode (unpolished graphite rods) polarized from Š0.800 to Š1.000 V
vs. Ag/AgCl, can be employed to produce H 2 at a controlled
rate (from protons reduction) and, in so doing, stimulating the
hydrogenotrophic reductive dechlorination of TCE. The rate and
ef“ciency (electrons channeled to dechlorination vs. total electron
consumed) of the process was mostly in”uenced by the value of
the applied cathode potential. Speci“cally, in the range Š0.850 to
Š0.875 V vs. Ag/AgCl, both high dechlorination rates and current
ef“ciencies were achieved. Even though methane formation was
much slower than dechlorination, these competing reactions were
enhanced by the application of an external potential in a similar way
(i.e., 4.5 ÷ 5-fold increase of reaction rates compared to controls
without polarization). This was due to the fact that these reactions
displayed similar af“nities (e.g., half-velocity coef“cients for H 2 in
the Michaelis…Menten type model).

Overall, while the optimal operating conditions identi“ed in
this study (e.g., cathode potential) may be speci“c to the bio-
electrochemical system and the mixed culture used, the approach
adopted may have a more general validity. Indeed, it is reasonable
to assume that regardless the architecture and type of the elec-
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trochemical system employed and microbial activity of the used
culture, there will be an optimal cathode potential (or a range of
it) at which H 2 production rate (from water electrolysis) and H 2

consumption (due to bacterial metabolism) are closely balanced,
in a way that both high degradation rates and current ef“ciency are
achieved. This range of cathode potentials will have to be necessar-
ily determined in order to operate the system in the most ef“cient
way. The possibility to “nely tune the bioavailable H 2, through a
dynamic balance between water electrolysis and reductive dechlo-
rination rate could open a new perspective toward a more ef“cient

use of H 2 in sustainable groundwater remediation.
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