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a b s t r a c t

Anaerobic digestion (AD) is a well-established technology for energy recovery from organic

waste streams. Several studies noted that inserting a bioelectrochemical system (BES) inside

ananaerobicdigester can increasebiogasoutput, however themechanismbehind thiswasnot

explored and primary controls were not executed. Here, we evaluated whether a BES could

stabilize AD of molasses. Lab-scale digesters were operated in the presence or absence of

electrodes, in open (no applied potential) and closed circuit conditions. In the control reactors

without electrodesmethane production decreased to 50% of the initial rate, while it remained

stable in the reactorswith electrodes, indicating a stabilizing effect. After 91 days of operation,

the now colonized electrodes were introduced in the failing AD reactors to evaluate their

remediating capacity. This resulted in an immediate increase in CH4 production and VFA

removal. Although a current was generated in the BES operated in closed circuit, no direct

effect of applied potential nor current was observed. A high abundance of Methanosaeta was

detected on the electrodes, however irrespective of the applied cell potential. This study

demonstrated that, in addition to other studies reporting only an increase in methane pro-

duction, a BES canalso remediateADsystems that exhibitedprocess failure. However, the lack

of difference between current driven and open circuit systems indicates that the key impact is

through biomass retention, rather than electrochemical interaction with the electrodes.
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1. Introduction

Biorefineries produce sidestreams with high organic content

(Verstraete et al., 2005). The success rate of most bio-refineries

depends on the full utilization of all resources present in the

original biomass, including these sidestreams. In this study,

molasses was used to mimic sidestreams originating from

bio-refineries. The direct discharge of untreated molasses

wastewaters may cause serious environmental issues due to

their high concentration of organic matter, high salt content

and low pH (Sirianuntapiboon and Prasertsong, 2008). Anaer-

obic digestion (AD) is an established technology and can be

considered the first microbial technology to allow energy re-

covery from complex organic waste streams. AD therefore has

the potential to become a key technology to treat these side-

streams and generate heat and electricity for the refinery

(Verstraete et al., 2005). AD can also deal with high loading

rates, has limited nutrient demands and low operational

control and maintenance costs (Mata-Alvarez et al., 2000;

Verstraete et al., 2009). Methanogenic archaea are respon-

sible for the final andmost critical step of anaerobic digestion,

i.e. the production of methane. One of the main drawbacks of

anaerobic digestion is a sometimes-observed process failure

due to sensitivity of these methanogens to different environ-

mental factors, such as abrupt pH changes, organic over-

loading and high salt concentrations, leading to the

accumulation of volatile fatty acids (VFA) (Ahring et al., 1995;

Chen et al., 2008; De Vrieze et al., 2012; Gujer and Zehnder,

1983).

Bioelectrochemical systems (BESs) are an alternative

technology to anaerobic digestion, capable of directly pro-

ducing electrical power from liquid organic waste streams.

Contrary to AD, very few BES exist beyond the lab-scale, hence

their competitiveness with AD remains thus far unproven

(Arends and Verstraete, 2012; Pham et al., 2006). On the other

hand, BESs are highly versatile in terms of potential applica-

tion, ranging from energy production from organic substrates

to product generation and specific environmental niche cre-

ation (Arends and Verstraete, 2012; Logan and Rabaey, 2012;

Rabaey and Rozendal, 2010). These last two processes are of

main interest to AD due to their possible influence on process

stability and microbial activity.

It has been postulated that a BES can be used to alter and/or

control themain processes in anaerobic digestion (Arends and

Verstraete, 2012; Sasaki et al., 2010b). Several studies already

highlighted that combining anaerobic digesters with a BES

resulted in a higher level of biogas production (Rabaey et al.,

2005; Sasaki et al., 2011a, 2010b; Tartakovsky et al., 2011;

Vijayaraghavan and Sagar, 2010; Weld and Singh, 2011).

Different AD-BES configurations, such as the utilization of a

BES as pre- or post-treatment device outside the AD reactor or

the direct application of a BES in the digester, may lead to

enhanced methane production. The introduction of a BES in

the recirculation loop of a thermophilic UASB resulted in a

higher tolerance of the digester to a severe drop in pH due to

the addition of an acetate pulse to the system (Weld and

Singh, 2011). The direct application of the cathode in an AD

reactor resulted in enhanced COD removal and methane

production during anaerobic digestion of filter paper and

garbage slurry, respectively (Sasaki et al., 2011a, 2010b). The

introduction of both the anode and cathode of a BES in the

sludge bed of an UASB (Tartakovsky et al., 2011) or in a CSTR

(Vijayaraghavan and Sagar, 2010) also resulted in increased

methane production. A BES can also be used for post-digestion

polishing of highly loaded wastewaters, leading to side prod-

ucts such as H2 (Rabaey et al., 2005).

The objective of this study was (1) to evaluate whether a

BES could stabilize anaerobic digestion (AD-BES) of molasses

leading to higher COD removal and methane production, and

(2) if a BES could remediate systems that have experienced

severe process failure and (3) how this influences the micro-

bial community composition of the entire system. The term

“stable” was used as long as total residual VFA remained

below 1.0 g COD L�1, whereas the term “failure” referred to a

50% decrease in methane production compared to the initial

value. To achieve these goals, different lab-scale anaerobic

digesters were operated in the presence or absence of a BES to

evaluate the stabilizing potential of a BES in AD. The cell po-

tentials were selected to avoid direct electrochemical pro-

duction of H2 at the cathode or O2 at the anode but to

potentially stimulate biologically catalyzed H2 production,

which could lead to an increased methane production. The

BESs were also introduced in failing AD reactors in order to

evaluate their remediating capacity.

2. Material and methods

2.1. Experimental set-up and operation

2.1.1. Reactor set-up
Seven lab-scale continuously stirred tank reactor (CSTR) ves-

sels with a liquid volume of 800 mL were each connected to a

gas column to collect the produced biogas (Fig. SI1). These

reactors are considered reproducible, as indicated in earlier

preliminary research (data not shown). Moreover, each

reactor was considered a time series in accordance with the

research of Wittebolle et al. (2008), Carballa et al. (2011) and

Zamalloa et al. (2012). A pair of carbon felt electrodes were

introduced in three vessels, each with a surface area of 60 cm2

(projected area; BET 2 m2 g�1; Carbon felt, 3.18 mm thickness,

Alfa Aesar, Ward Hill, MA, USA), which corresponded to a

projected surface area to volume ratio of 0.015 m2 L�1 reactor.

The electrodes were fixed in parallel at a distance of 1 cm. The

reactors with electrodes contained an Ag/AgCl reference

electrode (MF-2052, BASi, West Lafayette, IN, USA) and were

connected to a power source (3030D, Protek, USA) via a

stainless steel wire and a 1 U resistor. The set-up is described

in more detail in the SI (S1).

2.1.2. Reactor operation
All seven reactors were inoculated with anaerobic sludge

from a municipal sludge digester (Ossemeersen WWTP,

Ghent, Belgium). The sludge was diluted with tap water to

obtain an initial sludge concentration of 10 g L�1 volatile

suspended solids (VSS). All reactors were operated at 34 �C in

fed batch mode and fed 3 times a week (Monday, Wednesday

and Friday) for a total period of 154 days. Fresh feed was
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