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ABSTRACT

Electro-bioremediation offers a promising approach for eliminating persistent pollutants from ground-
water since allows the stimulation of biological dechlorinating activity, utilizing renewable electricity for
process operation and avoiding the injection of chemicals into aquifers. In this study, a two-chamber
microbial electrolysis cell has been utilized to achieve both reductive and oxidative degradation of tet-
rachloroethane (TeCA). By polarizing the graphite granules cathodic chamber at —650 mV vs the stan-
dard hydrogen electrode and employing a mixed metal oxide (MMO) counter electrode for oxygen
production, the reductive and oxidative environment necessary for TeCA removal has been established.
Continuous experiments were conducted using two feeding solutions: an optimized mineral medium for
dechlorinating microorganisms, and synthetic groundwater containing sulphate and nitrate anions to
investigate potential side reactions. The bioelectrochemical process efficiently reduced TeCA to a mixture
of trans-dichloroethylene, vinyl chloride, and ethylene, which were subsequently oxidized in the anodic
chamber with removal efficiencies of 37 + 2%, 100 + 4%, and 100 + 5%, respectively. The introduction of
synthetic groundwater with nitrate and sulphate stimulated reductions in these ions in the cathodic
chamber, leading to a 17% decrease in the reductive dechlorination rate and the appearance of other
chlorinated by-products, including cis-dichloroethylene and 1,2-dichloroethane (1,2-DCA), in the cathode
effluent. Notably, despite the lower reductive dechlorination rate during synthetic groundwater opera-
tion, aerobic dechlorinating microorganisms within the anodic chamber completely removed VC and 1,2-
DCA. This study represents the first demonstration of a sequential reductive and oxidative bio-
electrochemical process for TeCA mineralization in a synthetic solution simulating contaminated
groundwater.
© 2023 The Authors. Published by Elsevier B.V. on behalf of Chinese Society for Environmental Sciences,
Harbin Institute of Technology, Chinese Research Academy of Environmental Sciences. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

from improper storage or disposal [1]. In the United States alone,
chlorinated solvents have been detected in 80% of contaminated

Chlorinated aliphatic hydrocarbons (CAHs), such as tetra-
chloroethane (1,1,2,2-TeCA) and tetrachloroethene (PCE), are
widespread groundwater contaminants often released as dense
nonaqueous phase liquids (DNAPLs). These substances were widely
used in industrial and civil applications due to their peculiar
physico-chemical properties and low production costs. However,
the massive production and utilization of chlorinated solvents have
declined over the years due to environmental concerns stemming

* Corresponding author.
E-mail address: marco.zeppilli@uniromal.it (M. Zeppilli).

https://doi.org/10.1016/j.ese.2023.100309

groundwaters in superfund sites [2]. These contaminants, particu-
larly their source zones, are challenging to remediate and represent
a significant environmental liability. Over the past 30 years, the
approach to remediating sites contaminated with chlorinated sol-
vents has evolved. Initially, pump-and-treat systems were
employed to contain and treat plumes and sources [3,4]. However,
the focus has shifted towards more cost-effective plume treatment
technologies, and more recently, in situ remediating sources [5,6].
Bioremediation technologies, which fall within the scope of “in
situ” applications, are gaining the interest of specialists due to their
cost-effective and flexible application. In situ bioremediation of
groundwater involves encouraging indigenous bacterial
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Abbreviation

CAHs Chlorinated Aliphatic Hydrocarbons
TeCA Tetrachloroethane

TCE Trichloroethylene

TCA Trichloroethane

DCA Dichloroethane

cDCE cis-Dichloroethylene
tDCE trans-Dichloroethylene
VC Vinyl Chloride

ETH Ethylene

ETA Ethane

RD Reductive Dechlorination
SR Sulphate reduction

NR Nitrate Reduction

MMO Mixed metal oxide

populations to metabolize target contaminants by adding an elec-
tron donor or acceptor. Indeed, high chlorinated contaminants,
such as PCE or TeCA, can be reduced under anaerobic conditions by
specialized dehalorespiring microorganisms using molecular
hydrogen serves as an electron donor. This reaction, called reduc-
tive dechlorination (RD), successively replaces chlorine atoms with
hydrogen atoms on the molecule carbon backbone, up to more
acceptable and non-toxic molecules (i.e., ethylene). However,
adverse environmental conditions, such as the lack of electron
donor, can severely limit the complete dechlorination and lead to
the accumulation of RD daughter products, such as dichloro-
ethylene (DCE) or vinyl chloride (VC), which is the only carcinogen
found [7,8].

In situ bioremediation occurred through direct metabolism,
cometabolism, or abiotic transformations. Generally, for the high
chlorinated CAHs, anaerobic degradation is the most appropriate
process. In some conditions, anaerobic reductive bioremediation of
PCE and trichloroethylene (TCE) may undergo incomplete degra-
dation, leading to the formation of DCE or VC. This can occur due to
factors such as the inability to achieve negative redox conditions or
the lack of abundant Dehalococcoides mccartyi, the only known
bacteria that can achieve the complete dechlorination of chlori-
nated ethenes [9]. However, less chlorinated compounds and
dechlorination products, such as DCE, VC, and chloroethane, can be
degraded using aerobic cometabolic or metabolic oxidative
dechlorination pathways. As for cometabolic degradation, aerobic
bacteria growing on hydrocarbons, such as methane or ethene,
initiate their biodegradation by using dioxygenase or mono-
oxygenase enzymes to convert these compounds into epoxides
[10,11]. These oxygenases can fortuitously oxidize CAHs, yielding
unstable chlorinated epoxides, which break down spontaneously
into carbon monoxide, formate, glyoxylate, and chlorinated acids
[12]. Several demonstration projects have transitioned to full-scale
implementation, establishing reductive dechlorination as a widely
accepted method for treating halogenated ethenes, ethanes, and
methanes [13]. When designing an anaerobic reductive bioreme-
diation system, key considerations include the competition of
native electron acceptors (such as nitrate, iron, and iron sulphate)
with the contaminant and the presence of bacteria capable of
completely reducing contaminants [14]. Groundwater naturally
contains various terminal electron acceptors that are utilized and
depleted in a specific order based on their decreasing redox po-
tential. In an anaerobic environment, nitrate is the first choice for
electron acceptor [15]. An interesting approach studied in recent
years involves the use of electrical stimulation of microbial
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dechlorination in the presence of competing metabolisms, i.e.,
anions-reduction and methane-formation [16], promoting the
complete denitrification in both reductive and oxidative environ-
ments [17,18]. Electrodes are used to manipulate the redox poten-
tial and to create favourable conditions for the RD [19], either
through direct electron transfer from the electrodic surface to the
dechlorinating microorganisms or via intermediate molecular
hydrogen generation [20,21]. Furthermore, the less chlorinated
CAHs were oxidized at the counter electrode through oxidative
dechlorination (OD) stimulation via in situ oxygen evolution. In this
frame, the combination of OD downstream to RD is an interesting
option to implement full bioremediation of CAHs in contaminated
groundwater [22,23]. The sequential reductive/oxidative bio-
electrochemical process can be obtained in a single microbial
electrolysis cell (MEC) equipped with an ion exchange membrane
or by using two membrane-less reactors involving sacrificial
graphite counterelectrodes [24]. Moreover, the degradation of TeCA
remains largely unexplored, particularly in the presence of
chloroethanes, chloroethenes, and other competing electron ac-
ceptors (e.g., nitrate and sulphate). Anaerobic biodegradation of
TeCA can proceed either via dichloroelimination to form DCE,
mediated by several dehalorespiring strains, or via hydrogenolysis
to trichloroethane (TCA), for example, by Dehalobacter populations.
Apparently, TeCA complete biodegradation requires dehalorespir-
ing populations consortia. Additionally, a third mechanism known
as dehydrochlorination, an abiotic non-redox process, can occur,
resulting in the release of HCl and the formation of a double bond
between two neighbouring carbon atoms. Hence, chloroethanes
and chloroethenes can share common reaction intermediates (i.e.,
TCE, DCE, and VC), depending on chloroethane degradation path-
ways. For instance, DCE formation could result from both TeCA
dichloroelimination and TCE hydrogenolysis. In this study, the
focus was primarily on evaluating the pathways of TeCA trans-
formation by a sequential cathodic and anodic bioelectrochemical
reactor, which has previously been tested with other contaminants,
such as TCE and Cr(VI) [25,26], in the absence and presence of
competing reactions such as nitrate and sulphate reduction.

2. Materials and methods
2.1. Bioelectrochemical reactor setup

The bioelectrochemical reactor comprised identical cylindrical
borosilicate glass chambers separated by a Nafion® 117 proton
exchange membrane (PEM) Fig. 1. The cathode chamber was filled
with graphite granules with diameters between 2 and 6 mm (EIl
Carb 100, Graphite Sales, Inc, USA) as high-surface-area electrodes,
and the external electrical connection was guaranteed by inserting
graphite rod current collector (5 mm diameter, Sigma-Aldrich,
Italy). The anodic electrodes were four Mixed Metal Oxides
(MMOs; Magneto Special Anode, the Netherlands), with a projected
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Fig. 1. Schematic representation of the experimental setup utilized during the study.
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surface area of 8 cm? inserted into a bed of silica beads (size par-
ticles 2—5 mm). The electrical connection of the MMO anode to the
potentiostat was ensured by a titanium wire (Sigma Aldrich, Italy).
The total empty volume of the cathode and anode chambers were
0.82 and 0.95 L, respectively. An Ag/AgCl reference electrode
(+0.2 V vs. standard hydrogen electrode, SHE; Amel, Milan, Italy)
was placed in the cathode chamber. The cathode (working elec-
trode), anode (counter electrode), and reference electrode were
connected to a potentiostat Amel Model 549 (Milan, Italy). The
reactor was equipped with three flow-through sampling cells
(placed at the reactor inlet and the outlet of the cathode and the
anode chambers, respectively). These cells were continuously and
vigorously mixed with magnetic stirrers to promote the equilib-
rium between liquid (40 mL) and gaseous headspace (10 mL).
Viton® tubes were utilized to minimize the adsorption of chlori-
nated compounds and volatilization losses. The mineral medium
solution was constituted by an inorganic salt solution previously
described [27], while the synthetic groundwater feeding solution
was prepared by adding 55 mg L~! NaNO3 and 100 mg L~ Na»SO4
to tap water. Both solutions have been contaminated with TeCA
with a theoretical concentration of 50 pmol L~

The reactor was continuously fed at a flow rate of 0.576 L d~,
corresponding to an HRT of 1.42 and 1.65 d in the cathode and
anode, and it was operated by controlling the cathode potential
at —650 mV vs. SHE. The cathode and anode compartments were
inoculated at the beginning of the experiment with specialized
consortia capable of stably degrading CAHs by using hydrogen as an
electron donor and oxygen as an electron acceptor. More specif-
ically, the cathode chamber was inoculated with a TCE-to-ethene
dechlorinating culture [28], previously enriched on hydrogen and
TCE as an electron donor and acceptor. The bioelectrochemical
reactor was operated at ambient temperature (25 + 3 °C).

2.2. Tracer test set up

The step tracer test was performed by using a 0.02 M NacCl so-
lution. Each reactor chamber, i.e., the anode and the cathode
chamber, was characterized with an independent test. The step
tracer test consisted of continuously feeding the tracer solution in
the inlet of each chamber at a constant flow rate of 11.3 and
111 L d~! for the anode and cathode tests, respectively. The test
consisted of the continuous measure of the outlet liquid conduc-
tivity by a Handylab® 330 conductometer placed in each chamber's
outlet. The conductivity (7 ) continuously recorded was divided by
the conductivity of the tracer’s solution to obtain the F curve, which
was used to determine the effective hydraulic retention time (HRT).
The determination of the effective HRT allowed the calculation of
the free volume in each chamber; moreover, the ratio between the
effective and the geometric volume allowed the determination of
the porosity of the reactor.

2.3. Analytical methods

The CAHs were determined by Dani GC 1000 (Contone,
Switzerland) gas chromatograph equipped with a flame ionization
detector (FID) using a header analyser HSS 86.50 (Dani, Contone,
Switzerland). The gas chromatography analysis was conducted by a
capillary TRB 264 column, 75 m of length, Teknokroma (Spain) (N,
carrier gas: 18 mL min~'; oven temperature: 80—210 °C; flame
ionization detector temperature: 260 °C). Headspace concentra-
tions were converted to aqueous-phase concentrations using
tabulated Henry’s law constants [29] and assuming equilibrium
conditions between the gas and liquid phase. For all the chlorinated
species, nominal concentrations were reported, representing the
total amount (e.g., in moles) per unit of liquid volume. Methane,
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hydrogen, and oxygen were measured in headspace samples using
a DANI master gas chromatograph equipped with a thermal con-
ductivity detector (TCD) (DANI Instruments, Contone, Switzerland).
Liquid samples (1 mL) were taken using sterile disposable plastic
syringes, filtered (0.22 pm), and analyzed for nitrate, nitrite, sul-
phate, and chloride, by using ion chromatography (0.5 mL sample,
Dionex DX-100, lonpac As9-Sc column, conductivity detector)

2.4. Calculations

The different biotic and abiotic TeCA dechlorination pathways
are illustrated in Fig. 2. Three different mechanisms contribute to
TeCA dichlorination: dichloroelimination, in which TeCA is bio-
tically converted into ¢cDCE; hydrogenolysis, a progressive reduc-
tion process resulting in the gradual loss of chlorine atoms; and
dehydrochlorination, spontaneous abiotic degradation of saturated
chlorinated compounds.

Each chlorinated species removal or production rate (pmol Ld~1)
was assessed by using the following equation:

[CAHSout] — [CAHS;;]

Removal or production rate =
Vcathode

xQout (1)

While the specific removal efficiency (%) of the target chlori-
nated species has been evaluated by the following equation:

_ [CAHSs;;] — [CAHSoyt]

Removal efficiency (%) = (CAHs, ] x 100 2)
n

In equations (1) and (2), [CAHS; ¢ is the molar liquid concen-
tration of the chlorinated compound.

The RD reaction rate (RDgate, teq Ld~1) in the presence of TeCA is
calculated by taking into account only biological transformation
mechanisms by the following equation:

where the CAH concentration is expressed as pmol L1 and Veathode
represents the empty volume of the cathodic chamber of the
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Fig. 2. Anaerobic degradation pathways for chloroethanes and chloroethenes. 1,1,2,2-
TeCA: Tetrachloroethane; 1,1,2-TCA: Trichloroethane; 1,2-DCA: Dichloroethane; CA:
Chloroethane; ETA: Ethane; TCE: Trichloroethene; DCE: Dichloroethene; VC: Vinyl
chloride; ETH: Ethene. Modified from Ref. [29].
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[1,1,2— CA] x 2 +[1,2 — DCA] x 4 + [cDCE] x 2 + [tDCE] x 2 + [VC] x 4 + [ETH] x 6 + [ETA] x 8
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RD Rate =

Qout (3)
Vcathode !
bioelectrochemical reactor (0.86 L). The Coulombic efficiency for
the reductive reactor (CEgp, %) was calculated starting from the RD Energy consumption :I x AV x 24 (12)
Qout

rate using the following equation:

RD _F
CEgp (%) = ——Rate 86400 ., 10 (4)

Iaverage

where Iyerage is the flowing current in the reductive reactor (mA),
and F is Faraday’s constant (96485 C mol~1).

For the oxidative reactor, the oxidative dechlorination rate (OD,
pmol Ld~') was calculated by the following equation:

[Cout] — [Cin]

Oxidative dechlorination rate =
Vanode

x Qout (5)

while the oxidative removal efficiency (%) of each CAH (cDCE and
VC) was calculated by the following equation:

Oxidative removal efficiency (%) _ [Ginl — [Cou] x 100 (6)

[ in

In the oxidative reactor, the oxidation rate for the chlorinated
compounds was evaluated by considering the stoichiometry of
cDCE and tDCE (equation (7)), VC (equation (8)), ethylene (ETH,
equation (9)), and ethane (ETH, equation (10)) complete oxidation.
2, 2.5, 3, and 3.5 mol O are required for the DCE, VC, ETH, and ETA
complete oxidation, respectively.

CyH,Cly +20, — 2C05 + 2HCl (7)
CyH5Cl +2.50, — 2C0, + HCl (8)
CoHy + 30, — 2C0, + 2H,0 9)
CyHg +3.50, — 2C0; + 3H,0 (10)

Moreover, considering the water oxidation reaction, four elec-
trons are produced for each mole of oxygen, considering a complete
conversion of the oxidation current into oxygen, the Coulombic
efficiency for the oxidative reactor (CEox, %) can be expressed as

CEox (%) =

([CDCEremoval} X2+ [tDCEremoval} X2+ [Vcremoval} x 2.5+ [ETHremovalJ x 3+ [ETAremovalJ X 3-5) x 4 x Wﬂoo y

Calculations involved in side reactions and competitive mech-
anisms in the reductive reactor are reported in Table 1.

3. Results and discussion
3.1. Fluidynamic characterization of the bioelectrochemical reactor

The resulting F curve obtained for the two independent step
curve tracer tests conducted in the cathodic and anodic chambers is
shown in Fig. 3. From the evaluation of the F curve, two different
HRTs were obtained for the anodic and cathodic chambers. Hence,
two effective volumes were determined using a flow rate of 11.3
and 11.1 L d~! for the anodic and cathodic chamber. As reported in
Table 2, the effective anode chamber volume resulted in 0.4 L, while
that of the cathode chamber was 0.58 L. Knowing the geometric
volume of the two chambers, the porosity of each chamber was
assessed, resulting in 0.7 for the cathode and 0.48 for the anode.

3.2. Performance of the bioelectrochemical process with the mineral
medium solution

After the tracer test, the reactor was set in a continuous flow
mode with an HRT of 1.42 d and fed with the mineral medium
solution contaminated with TeCA. As reported in Fig. 4, the influent
feeding solution showed an average TeCA concentration of
48 + 3 pmol L~ Additionally, the influent solution contained an
average TCE concentration of 2 + 1 pmol L™, The TCE presence was
a result of the spontaneous abiotic dehydrochlorination of the
TeCA.

The main chlorinated by-products produced by the TeCA
dechlorination are shown in Fig. 5a. During an initial transient
period of approximately 45 days, the accumulation of VC, ¢cDCE, and
tDCE was observed. These by-products were generated through
TeCA dichloroelimination and followed by the hydrogenolysis of
the two DCE isomers. The RD reaction in the cathode compartment,
utilizing a reductive potential of —650 mV vs. SHE, as shown in
Fig. 6. Methanogenesis, which was the predominant side reaction
during the first operational phase with the mineral medium,
occurred concurrently with the RD process.

100

Energy consumption of the process (kWh m—3) was evaluated
by considering the product of the average current (I) and the
average cell voltage (AV) obtained during the reactor operation,
according to the following expression:

[Average current]

(11)

During the steady state condition, corresponding to days
50—120, the main RD by-products in the cathodic effluent were the
tDCE, VC, and ETH with average concentrations of 3.7 + 0.1,
18.7 + 0.3 and 6.9 + 0.3 pmol L™, respectively. Moreover, the only
saturated by-product from TeCA reduction was ethane, which can
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Table 1
The calculation for the competitive reactions in the cathode and anode chambers.

Reductive Reactor competitive mechanisms evaluation

Sulphate (RD) removal rate (RS) _ Qliquid _
RS (ueq Ld') = V$ x [SO?; Jremoved % 8
reductlve
RS (neq Ld~! ) X Vreductive X F
RS (mA) = 86400
Nitrate (ND) removal rate (RN) Qliquid

RN (neq Ld") = % [NO3 ] emoved * 5

reductive

~ RN (neq Ldi]) X Vreductive X F
RN (mA) = 86400
Methane production rate 1 Qgas
RCH, (peq Ld™') = == x [CHy| x 8
(RCH4(Eq)) 4 (H q ) Vreductive [ 4]

RCHy4 (peq Ldil) % Vreductive X F
86400 x 1000

x 100

RCH4 (mA) =
RS (mA)
Iaverage (mA)
RN (mA)
laverage (MA)
RCH4 Coulombic efficiency CEqn, (%) = RCH4 (mA)

(CECH4) CHa Iaverage (mA>

F: Faraday constant, 96485 C mol~'; 86400: 86400 s per day; Qiiquia: Liquid flow
rate; Qgas: Gaseous flow rate.

RS Coulombic efficiency (CEgs) CEgs (%)
Rs (%) =

RN Coulombic efficiency (CEgn)

CEgs (%) = x 100

x 100
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£ 060+ s §
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Fig. 3. F curves resulting from the anodic and cathodic tracer tests.

Table 2
Tracer test results for the anodic and cathodic chambers.
Parameters Cathode Anode
HRT (min) 73 52
Volume (L) 0.58 0.40
Porosity 0.70 0.42
100 Mineral medium Synthetic groundwater
<> TeCA
80 | i+ TCE
s
3
w 60+
O
=
o
< 40+
[®)
2
20

0 50 100 150 200
Time (d)

Fig. 4. Time course of the feeding solutions CAH composition.

be produced by the hydrogenolysis of the ETH or by the hydro-
genolysis of dichloroethane (DCA). As shown in Fig. 5b, ETA was
present with an average concentration of 0.5 + 0.1 pmol L™ . During
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a 40 Mineral medium Synthetic groundwater
<>-TCE cDCE
~<>-tDCE VC
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Fig. 5. Time course of the chlorinated ethenes (a) and ethanes (b) RD by-products in
the cathodic effluent.

the first operating period, the VC emerged as the primary RD by-
product, accounting for 63% of RD by-products and 38% of the
influent TeCA. The VC predominance in the by-product composi-
tion was expected since the loss of the last chlorine from VC is
considered the most challenging stage of the process. This reaction
typically relies on the presence of specialized microorganisms, as it
is generally cometabolic. In fact, many microorganisms can convert
high-chlorinated compounds into lower-grade chlorination com-
pounds, but only Dehalococcoides mccartyi can lead to a complete
reduction to ethylene and only some microbial strains can draw
energy from the reaction under examination. Furthermore, it is
possible to hypothesize three different degradation pathways of
TeCA that converge in the VC formation. The hydrogenolysis
pathway, initiated by cDCE, and the dichloroelimination pathway,
initiated by TCA, both contribute to the formation of VC. With
reference to the latter reduction mechanism, all intermediates have
a concentration below the detection limit of the instrument,
however, the absence of TCA could derive from its quick reduction
through both hydrogenolysis pathway and dichloroelimination
with VC formation. Similarly, the absence of ¢DCE in the cathodic
effluent indicates a quick reduction to VC through the hydro-
genolysis mechanism, as reported in previous experiments and
literature. Considering the different RD mechanisms, an average
dechlorination rate of 61.6 + 0.4 peq Ld~' was reached during the
steady state operation of the cathodic chamber, which corre-
sponded to an average Coulombic efficiency for the RD reaction of
2.6 + 0.3% (Table 3). The Coulombic efficiency is a measure of the
electric current utilized as the electron donor in the reductive
dechlorination process. The main competitive reaction during the
operating period with the mineral medium solution was meth-
anogenesis, which usually occurred under anaerobic and electron
donor-rich environments. The average methane production ob-
tained during the first operating period reached 2295.1 + 0.6 peq
Ld~", corresponding to 7 mL Ld~! with a Coulombic efficiency for
the methane generation of 98.1 + 0.5%. Considering the two
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Fig. 6. Methane time course in the cathode and the anode outlet of the bio-
electrochemical reactor.

Table 3
Coulombic efficiencies of the different reductive processes in the cathode chamber.

Reductive Coulombic efficiencies Mineral medium Synthetic groundwater

CErp (%) 26+ 04 1.6+ 03
CEcn, (%) 98.1 + 0.5 51.1 + 0.6
CEgs (%) - 14.5 + 04
CEgn (%) - 31.9+07
CEtor (%) 100.7 £ 0.9 99.1 + 2.0

reduction processes, a complete recovery of the current into
reduced product was observed in the process, indicating a good
description of the reaction mechanisms by the electron balance.
In the two-chamber bioelectrochemical reactor configuration,
the effluent of the cathode chamber is the inlet solution for the

a 0 Mineral medium Synthetic groundwater
-O- ¢DCE IN
-O- ¢DCE OUT
30
s
2
L
(]
(a]
o

50 100 150 200
Time (d)
c 0 Mineral medium Synthetic groundwater
- VCIN
<\ VC OUT

VC (uM)

Time (d)
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anodic reaction. Fig. 7 reports the detailed time course of the
different RD by-products in the inlet and outlet of the anodic
chamber. During the first operating period with the mineral me-
dium solution, the anodic influent solution was mainly character-
ized by the presence of tDCE, VC, and ETH, whose profiles are
described in detail in Fig. 7b, ¢, and 7d. As reported in each panel of
Fig. 7, the oxidative environment produced by the electrolytic ox-
ygen evolution (Fig. S1) sustained the complete biological oxidation
of VC and ETH, while tDCE resulted in more recalcitrant, having an
average concentration of 2.0 + 0.2 yumol L~! in the outlet. It is
noteworthy to underline the capability of the aerobic dechlorinat-
ing microorganisms in the anodic chamber to oxidize more effi-
ciently the VC than the tDCE due to the acclimatation strategy of the
specialized aerobic inoculum adopted in the anodic chamber
inoculation, which was acclimatized on ETH and cDCE [30,31].
Another important mechanism present in the anodic chamber of
the bioelectrochemical reactor is the oxidation of the influent CHy4
by specialized microorganisms already shown in Fig. 6. Considering
the whole oxidative processes in the anode chamber, i.e., the
oxidation of each RD by-product, the oxygen evolution (Fig. S1),
and the methane oxidation, the Coulombic efficiency for the
oxidative processes was 8.4 + 0.7%, 59.3 + 0.8%, and 95.7 + 0.5%
(Table 3), respectively. The overall Coulombic efficiency for the
oxidative processes, considerably higher than 100%, was probably
affected by the overestimation of the methane production, which
was assessed considering the liquid concentration and flow rate of
the reactor.

3.3. Performance of the bioelectrochemical process with the
synthetic groundwater

Starting from day 120, the feeding solution was substituted by
synthetic groundwater consisting of tap water added with nitrate

20 Mineral medium Synthetic groundwater
- tDCE IN
- tDCE OUT
30
s
2
w 20
(6]
aQ
40 Mineral medium Synthetic groundwater
{} ETHIN
{F ETHOUT
30
s
2 5
T 20
'_
w

Time (d)

Fig. 7. Time course of the inlet and outlet cDCE (a), tDCE (b), VC (c), and ETH (d) in the oxidative reactor.
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and sulphate anions [16]. Following the same procedure for the
feeding solution contamination with TeCA, as shown in Fig. 3, a
stable concentration of 45.0 + 0.5 mol L' of TeCA was fed to the
bioelectrochemical reactor; moreover, an average concentration of
2.4 + 0.3 pmol L1 of TCE was detected in the feeding solution, due
to the partial abiotic degradation of TeCA through the dehydro-
chlorination mechanism.

The change of the contaminated feeding solution promoted a
transient period of about 15 days, which finished around day 140.
Then the new steady-state operating period was characterized by a
complete TeCA removal through the cathodic chamber. As already
observed in a previous study [32], the insertion of the synthetic
groundwater promoted the variation of the RD by-products spectra,
indeed, as reported in Fig. 5a, the concentrations of cDCE and tDCE
progressively increased over time up to an average concentration of
9.0 + 0.4 and 7.5 + 0.2 umol L~ !, respectively. On the other hand, VC
concentration decreased by about 50% compared to feeding with
mineral medium, from 18.7 + 0.3 to 8.9 + 0.5 ymol L~ On the
contrary, ETH was less affected by the feeding solution shift, with a
small concentration decrease from 6.9 + 0.3 to 5.0 + 0.3 pmol L™
The RD rate decreased to 51.1 + 0.2 peq Ld~, a 17% lower value with
respect to the previous mineral medium operation. Like the RD, the
methane concentration (Fig. 6) decreased until reaching an average
liquid concentration of 267 + 6 pmol L™, about 35% lower than the
synthetic medium. This partial inhibition of the RD and methano-
genesis reactions was probably induced by competing metabolisms
for the available reducing power in the cathodic chamber. Indeed,
the synthetic groundwater contains nitrate and sulphate, which
represent antagonistic and preferred electron acceptors of the mi-
crobial consortium, competing with dechlorinating microorgan-
isms for the hydrogen produced and the electrons supplied within
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Fig. 8. Time course of nitrate and sulphate concentration in the cathodic (a) and
anodic (b) chamber of the bioelectrochemical reactor.
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the cathode compartment. As reported in Fig. 8a, nitrate was
completely reduced in the cathodic chamber, while the sulphate
ion was only partially removed.

Considering a 98% and 18% removal efficiency of the nitrate and
sulphate ions within the cathodic chamber, an average removal rate
of 17.3 + 0.1 and 8.6 + 0.3 mg Ld~! was observed. Considering the
whole reductive processes active in the cathodic chamber of the
electrochemical reactor [i.e., RD, methanogenesis, nitrate reduction
(RD), sulphate reduction (SR)], the corresponding Coulombic effi-
ciency was 1.6 + 0.1% for the RD reaction, 45.8 + 0.3% for the
methanogenesis, 30.0 + 0.5% and 15.3 + 0.4% for the NR and SR
reactions. An overall current recovery of 92.8% was obtained
considering the four different electron-consuming mechanisms, as
reported in Table 4 and represented in Fig. 9.

The effect of introducing the synthetic groundwater solution in
the oxidative side of the bioelectrochemical reactor, i.e., the anodic
chamber of the reactor, which constituted the counterelectrode
part of the cell, is reported in Fig. 7, in which all RD by-product
oxidations are reported. After the introduction of the synthetic
groundwater solution, the oxidation capacity of the anode on VC
and ETH, reported respectively in Fig. 7c and d, was not affected, i.e.,
the removal efficiency of the VC and ETH resulted complete with a
corresponding removal rate of 6.3 + 0.1 and 3.6 + 0.3 pmol Ld~. On
the other hand, the cDCE concentration increase in the cathode
effluent, after the insertion of the synthetic groundwater media, led
only to a partial oxidation of the cDCE (removal efficiency 64 + 2%)
while the tDCE removal efficiency increased from 37 + 2% to
71 + 4%. Moreover, as reported in Figs. S2 and S3, a nearly complete
oxidation of residual DCA and ETA was obtained in the anode
chamber. Table 5 reports the removal rates and the corresponding
removal efficiencies for each chlorinated aliphatic hydrocarbon
oxidized in the anodic chamber of the reactor during the two
operating periods.

3.4. Energetic consumption of the process

The energy consumption of the bioelectrochemical reactor was
simply assessed by considering the average current and cell voltage

Table 4
Electron recovery expressed as Coulombic efficiency in the anodic chamber.

Reductive Coulombic efficiencies Mineral medium Synthetic groundwater

CEop(cans) (%) 26+04 1.6+03
CEop(cy) (%) 98.1 +0.5 51.1+0.6
CEo, (%) 59+ 038 48 + 1.1
a 200
100 b
180 +
80 4 160 +
140 +
L 60 - < 1204
2 % 100
w w
O 40 O 801
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20
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Fig. 9. Electron balance of the reductive (a) and oxidative (b) processes in the bio-
electrochemical reactor.
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Table 5

Environmental Science and Ecotechnology 17 (2024) 100309

CAH oxidation capacity expressed as removal rates and removal efficiencies during the two operating periods.

Compound Mineral medium Synthetic groundwater
Removal rate (umol Ld") Removal efficiency (%) Removal rate (umol Ld~1) Removal efficiency (%)

TCE - - 49 +0.2 94 +1

cDCE - - 49 + 0.1 64 + 2

tDCE 0.8 +0.2 37+2 37+02 71+4

DCA - - 49 +0.1 94+6

vC 129+ 03 100 + 4 6.3 + 0.1 100 + 5

ETH 48 +04 100 + 5 36+03 100 + 4

ETA 0.3 +0.1 100 + 3 04 +0.1 99 +2

Table 6 side reactions.

Energetic consumption of the process during the two operating periods.

Parameters Mineral medium  Synthetic groundwater
I (mA) —-214£0.13 -3.0£0.21

AV (V) -219+ 022 -233+0.31

Ecounter (V) 1.54 + 0.11 1.71 £ 0.20

Energy consumption (kWh m—3)  0.20 + 0.06 0.29 + 0.08

established during the potentiostatic polarization of the system
at —650 mV vs. SHE. During the first operating period, when the
mineral medium was used as liquid media, the average current
was —2.14 + 0.13 mA (Fig. S4). To maintain the desired cathodic
potential, the potentiostat applied —2.19 + 0.22 V between the
cathode and anode, resulting in an average counterelectrode po-
tential of +1.54 + 0.11 V vs. SHE. During the operation of the bio-
electrochemical process with synthetic groundwater, the average
current and cell voltage were measured at —3.0 + 0.21 mA
and —2.33 + 0.31 V (Fig. S4), resulting in a counterelectrode po-
tential of +1.71 + 0.20 V vs. SHE. Considering continuous reactor
operation for 24 h and the treated liquid flow in both runs (0.576 L),
the energy consumption of the process was calculated to be
0.20 + 0.06 and 0.29 + 0.08 kWh m~> of the treated solution
(Table 6). The energy consumption of the process was extremely
contained and consistent with similar approaches documented in
the literature [17,33].

4. Conclusions

This study presents a pioneering investigation into the degra-
dation pathways of TeCA in a sequential cathode-anode bio-
electrochemical reactor fed with a mineral medium and synthetic
groundwater. TeCA was degraded by the cathodic dechlorinating
biofilm via multiple reaction pathways, including hydrogenolysis
and dichloroelimination. The target contaminant was reduced by
about 99% into DCEs and VC and in small quantities in ETH.
Apparently, the relative importance of chlorinated ethene hydro-
genolysis, with respect to dichloroelimination, increased as the
chlorination degree decreased. TeCA degradation occurred mostly
through dichloroelimination, which resulted in a peak concentra-
tion of overall DCEs (both the cis- and trans-isomers), comprising
up to 30% of initial TeCA. Additionally, a minor extent of degrada-
tion was observed through hydrogenolysis, leading to the forma-
tion of DCA. The TCA produced from the hydrogenolysis of TeCA
was not present in cathodic effluent at a steady state.

The introduction of sulphate and nitrate into the feeding solu-
tion composition led to a decrease in the reductive dechlorination
rate. This decrease can be attributed to the occurrence of side re-
actions, such as NR and SR. Therefore, the RD reaction rate was
slightly decreased, as confirmed by increased cDCE concentration
in the cathodic effluent. The Coulombic efficiency of the RD reaction
resulted lowered from 2.6% to 1.5% in the presence of NR and SR

The nitrate reduction process was rapid and nearly complete,
while the reverse was true for sulphate anion degradation, which
only occurred to a minor extent (13%). As expected, depleting the
sulphate from the groundwater may not be necessary to achieve
substantial dechlorination.

Previous studies indicated that reductive dechlorination was
inhibited by the competition for available electron donors in the
presence of nitrate or sulphate. Indeed, the Coulombic efficiency
showed that most of the current was used by competitive reactions,
especially nitrate reduction, while the reductive dechlorination
process accounted for only 2% of the current. Overall, the oxidative
reactions in the anode compartment allowed for consistent
removal of saturated and unsaturated RD by-products, especially
the VC, which usually represents the bottleneck of in situ
remediation.
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