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ABSTRACT: conventional systems for wastewater treatmentireghe use of large
blowers that are energy intensive and increaserdament costs. In fact, it has been
estimated that ~1% of the national energy conswnpjpes for wastewater treatment.
Biocatalyzed electrolysis (BE) is a relatively nbtechnology aimed at reducing the
global energy consumption during the wastewatetrment process by recovering part
of the energy investment as hydrogen. The mainctige of this thesis has been to
study the ability of BE for organic matter remowahd energy production during
industrial and urban wastewaters treatment, aradtalstudy the feasibility of combined

BE and activated sludge systems for wastewateintiess.

When a 250 mL microbial electrolysis cell (MEC) weasntinuously fed with an

industrial synthetic effluent (from the biodiesebguction industries), a fast conversion
of glycerol to fermentation products was observelgdrogen was produced at a
maximum rate of 0.6 L {* d* with energy consumption below the threshold
traditionally associated to water electrolysis authieving a hydrogen yield of up to

77% of the theoretical maximum value.

It is known that bioelectrochemical systems fedhwiérmentation products usually
outperform those fed with fermentable substratbgrdfore, the performance of a MEC
fed with a synthetic effluent of a dark fermentatfrocess was also studied focusing on
the effect of the hydraulic retention time (HRT)dathe applied voltage. The study
showed that it requires applied voltages of 1V andRTs of 12 h to remove more that
90% of the influent COD and to achieve a hydrogesdpction rate of 1.42 L £* d™.
Moreover, the influence of Vapp and HRT on hydrogeoduction and COD removal

rate was found to be interdependent.

When the MEC reactor was fed with actual domesistewater, it was found that
hydrogen production rates of ~0.3 I;'Ld” can be achieved at organic loading rates
above 2,000 mg-COD.I* d* with associated energy consumption below the himlels
traditionally associated to aerobic treatments. C@boval rate was in the range
between 44-76% which means that within the prestie of the art, BE technology
would require of a polishing step in order to bepliemented in actual wastewater

treatment plants.



Finally, a preliminary estimation of investment tsosf a full-size MEC-based plant for
wastewater treatment revealed that in order to nthke technology feasible, the
manufacturing costs of a MEC should be in the rdrefereen 1,100 and 1,350 € of
anodic chamber to break even at the turn of 7 yedmsaddition, it was found that
domestic wastewater treatment by BE may becomébfegérom an economical point
of view) if the current density, energy consumptasrd hydrogen production rate could
achieve 5 A rif, 0.9 kWh kg-COD} and 0.8 Mim>,d™ respectively.



RESUMEN: los tratamientos convencionales de las aguasuadsgl hacen uso de
soplantes y compresores de elevada potencia ydeepansumo de energia, cuyo
empleo incrementa los costes del tratamiento. &xdy se ha estimado que ~1% del
consumo nacional de energia eléctrica se destin@laente al tratamiento de aguas
residuales. La electrolisis biocatalitica (EB) @s utecnologia relativamente novedosa
que surge con la intencion de reducir el consumabajl de energia durante el
tratamiento de las aguas residuales mediante lpeeacion, en forma de hidrogeno,
de parte de la energia invertida. El objetivo ppatcde esta tesis es el estudio de la
capacidad de la EB para eliminar materia organicgeyerar energia durante el
tratamiento de aguas residuales urbanas e indastridsimismo, se plantea la
realizaciéon de una estimacion de la viabilidad da planta de tratamiento de aguas
residuales urbanas en la cual se combina la EBuootratamiento convencional de

lodos activos.

En los ensayos de laboratorio, cuando un react&@Blde 250 mL fue alimentado de
forma continua con un agua residual industrialéicd (con la cual se pretendia
modelar el efluente residual generado durante ddymcion de biodiesel), se observo
una rapida conversion de glicerol (principal suldpiio generado durante la
produccion de biodiesel) a metabolitos propios m@noceso de fermentacion. Ademas
se produjo hidrégeno con una tasa de 0,65t d*, y con un consumo de energia
inferior al que tradicionalmente se asocia a ladpecgion de hidrégeno mediante la
electrolisis convencional del agua, alcanzando tasa de conversion de glicerol a

hidrégeno de un 77% del méximo tedrico.

Es un hecho conocido que los sistemas bioelectrigo$ alimentados con productos
de fermentacion normalmente presentan un rendimmerior a aquellos alimentados
con sustratos fermentables (como el glicerol).dfor se estudié el comportamiento de
un reactor de EB cuando es sometido a un eflueintétiso de un proceso de
fermentacion oscura, haciendo especial hincapiél exfecto del tiempo de retencidon
hidraulica (TRH) y de la tension aplicada. En esgtudio se observlo que se necesita
una tension de 1V y un TRH de 12 h para eliminas b un 90% de la demanda
quimica de oxigeno (DQO) del efluente, alcanzamagdad de produccion de hidrégeno
de hasta 1,42 L{* d*. Ademas, la influencia de la tensién aplicadalyTdRH sobre la
produccion de hidrégeno y la tasa de eliminacioD@© resultd ser interdependiente.



Cuando el reactor de EB fue alimentado con aguduasurbana real, se observd que
es posible obtener tasas de produccién de hidrégene-0,3 L L' d! a cargas
orgénicas superiores a los 2.000 mg-DQQ d* con un consumo de energia muy por
debajo del que tradicionalmente se asocia a ltensés aerobios. Sin embargo, las tasas

de eliminacién de DQO fueron relativamente bajds7@%).

Finalmente, cuando se llevo a cabo una estimaai@impnar de los costes futuros de
una planta de tratamiento de aguas residuales asb@sada en EB, se obtuvo que los
costes de produccion de los reactores de EB seidebeantener en el rango de 1.100-
1.350 € it para poder recuperar la inversién al cabo de &.afidemas, se establecié
qgue la densidad de corriente, el consumo de engrdi tasa de produccion de
hidrégeno deberfan alcanzar 5 A?m0,9 kWh kg-COD y 0,8 ni m>, d*

respectivamente para que la EB pueda ser implaatadeel comercial.
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1.1 BACKGROUND

Industrial, agricultural and domestic wastewaters often consist of a complex mixture of
organics that must be removed before discharge into the environment. Activated sludge
systems, which have become a conventional wastewater treatment in developed nations,
usually makes use of large blowers (to favor oxygen transfer from air into the mixed
liquor) that are energy intensive and increase the treatment costs. In 2009,
12,800,974m’ of wastewater were daily treated in Spain (INE, 2010), resulting in a
power consumption of 2,476 GWh year ' (assuming that in Spain 0.53 kWh of electrical
energy per cubic meter of wastewater is required for activated sludge process (IDAE,
2010)), which means that around 1% of the national electricity consumption goes for

wastewater treatment (IEA, 2011).

In addition, energy prices in Europe have been continuously rising during the second
half of the past decade (and will likely raise in the near future as carbon-based fuels
become depleted) from an average of 0.0756 € kWh™ in the EU-27 in 2005 to 0.1023 €
kWh™ in 2009 (Eurostat, 2010). Thus, the operating cost of treating wastewater are
likely to become more and more expensive despite a significant amount of the energy
investment can be recovered as natural gas from anaerobic digesters. To make matters
worse, aerobic wastewater treatments produce large amounts of sludge that needs to be
disposed-off at a cost which can rise up to 500 € per ton dry matter (Weemaes and
Verstraete, 2001). Nevertheless, the costs of operating treatment plants could be greatly
reduced if we manage to use the energy in the waste water. For example, at a
conventional wastewater treatment plant in Toronto, Canada, the potential energy
available in the raw wastewater exceeded the electricity requirements of the treatment
process by a factor of 9.3 (Shizas, 2004), and thus, such wastewaters can be seen as
potential commodities from which bioenergy and biochemicals may be produced
(Angenent et al., 2004). However, due to its complex composition, wastewater
exploitation requires flexible and robust technologies. In this perspective, biological
treatment is the ideal candidate as biological conversions in natural ecosystems
commonly occur in dilute aqueous environments (Rozendal, 2007). Among the several

chemicals that may be extracted from wastewaters, hydrogen occupies a preeminent
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position because of its interesting characteristics as a fuel: it is a clean and CO,-neutral
energy carrier and can be converted directly into electrical energy very efficiently using
fuel cell technology. The biological methods for generating H, include light-dependent
methods (direct and indirect bio-photolysis and photo-fermentation) and non-light-
dependent methods which traditionally include the dark fermentation process, and
water—gas shift reaction mediated by photoheterotrophic bacteria (Gomez et al., 2011).
However all these methods are characterized by its low efficiency in terms of hydrogen
yield (Angenent et al.,, 2004) which is commonly attributed to thermodynamic
limitations and the methanogenic consumption of hydrogen (Hawkes et al., 2002; Kim
et al., 2004). In fact, under standard conditions complete oxidation of glucose and
xylose to CO, and H, is thermodynamically not possible because a significant amount
of volatile fatty acids and some other organics (e.g. lactate, ethanol, butanediol,

succinate) are always produced.
CsH 206 +12H,0 — 6HCO5™ +6H" + 12H, AG=+3.2 Kj/mol  (1.1)
CeH 206 +2H,0 — 2C,H;30, + 2HCO5 +4H" + 4H, AG =206 Kj/mol  (1.2)

Alternatively, it was discovered a few years ago that this thermodynamic barrier may be
overcome by means of a small input of electrical energy (Liu et al., 2005b; Rozendal
and Buisman, 2005; Rozendal et al., 2006b) in what has been called a microbial
electrolysis cell (MEC). More recent developments in bioelectrochemical systems
(BESs) suggest that MECs may represent a promising technology for combining
wastewater treatment and energy recovery (Ditzig et al., 2007; Rozendal et al., 2008b;
Rozendal et al., 2008a; Logan et al., 2008; Tartakovsky et al., 2009; Pinto et al., 2011)
by using the wastewater stream as free electron supply. However, before bench scale
MEC reactors can be upgraded to economically feasible applications, there exists the
need to investigate the effect of basic operational parameters on hydrogen production
and organic matter removal rates, and a number of hurdles (i.e. ohmic voltage losses,
activation and concentration overpotentials, coulombic losees, hydrogen recirculation)
that limit the overall performance need to be overcome (Clauwaert, 2009; Lee et al.,

2009).
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1.2 BIOELECTROCHEMICAL SYSTEMS (BES).

A bioelectrochamical system (BESs) can be defined as an electrochemical system in
which at least one of the anodic or cathodic reactions is microbially catalyzed (Rabaey
et al., 2007). In BESs microoganisms function as catalysts to convert chemical energy
into other various types of energy. If a BESs is producing electrical energy, them the
system is referred to as microbial fuel cell (MFC), whereas if it consumes electrical
energy to drive the electrochemical reactions the it is termed as microbial electrolysis
cell (MEC) (Rozendal et al., 2006b). In addition, by controlling reduction reactions at
the cathode a plethora of valuable products can be produced at the cathodic chamber of
BESs (apart from electricity and hydrogen production and without being exhaustive): (i)
CO; reduction to form hydrocarbons (Gattrell et al., 2007), (ii) caustic production
(Rabaey et al., 2010) (ii1) H,O, production (Fu et al., 2010), (iv) nitrogen removal form
waste waters (Clauwaert et al., 2007), and (vi) transformation of strongly oxidized

functional groups in persistent chemicals (Mu et al., 2009).

A standard MFC (Figure 1.1 left) consists of two electrodes separated from each other
by means of a membrane forming two separate chambers: the anodic and the cathodic
chambers. The former is where microorganism degrades organic matter producing
electrons that are released to the anode through a series of respiratory enzymes in the
cell. The later houses the cathode, where the electrons react with a terminal electron
acceptor which typically is oxygen. The two electrodes are connected by a wire
containing a load which allows electron transfer from the anode to the cathode. In
principle, the membrane that separates anode from cathode is permeable to protons
produced in the anode, so they can migrate to the cathode where they can combine with
the electrons transferred via the wire and with oxygen, forming water (Logan, 2008).
The maximum electromotive force attainable (emf) in a MFC is theoretically in the
order of 1.1 V (Rozendal, 2007), however due to potential losses and irreversibilities,

the emf usually falls below 0.6V under operating conditions (Logan et al., 2006).
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Figure 1.1. Schematic representation of electricity production (left) and hydrogen production (right)
through MFC and MEC respectively. Electrons (e-) protons (H+) and carbon dioxide (CO2) are the main
sub-products of the metabolism of the anode respiring bacteria (ARB) present in the biofilm. The
electrons flow through an external circuit (either an electric load or a power source depending on whether
the BES operates in electricity or hydrogen production mode). In both cases, protons migrate through the
membrane into the cathodic chamber where they re-combine with electrons, producing either water when
oxygen is allowed to enter into the cathodic chamber (MFC), or hydrogen when no oxygen is allowed to
get into the cathodic chamber and electrons are forced to circulate by means of a power source (MEC).

The evolution of hydrogen in a MFC-like reactor is made possible when the biological
oxidation of organic material at the anode is coupled to the reduction of protons at the
cathode, and this process is referred to as microbial electrolysis. Therefore, the MEC-
reactor architecture (Figure 1.1 right) will be very much like that of a MFC. However,
there are two main distinctions between MEC-type and MFC-type reactors. First,
oxygen needs to be prevented from entering the cathodic chamber of a MEC in order to
avoid the oxygen reduction reaction. Second, as the hydrogen evolution reaction (HER)
does not proceed spontaneously in a MEC, it is necessary to supply a certain amount of
electrical power by means of a power supply. In theory, 0.114 V is the minimum
applied voltage (V,pp) necessary for the HER to start; in practice, experiments have

shown that Vs above 0.25 V must be applied to obtain reasonable current densities.
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1.2.1 Underlying Principles. The Process of Electrogenesis

The electron transfer mechanism is undoubtedly a decisive step in microbial
metabolisms, where electrons flow from an electron donor (lower potential) to an
electron acceptor (higher potential). Depending on whether the electron acceptor is
found inside or outside the microorganism, the metabolism is termed as fermentation or
respiration respectively. In the latter case, when soluble electron acceptors are depleted
in the microbial environment, exocellular electron transfer represents an important
mechanism to sustain microbial metabolism (Stams et al., 2006). This is a common
situation in nature, where mainly minerals containing iron and manganese oxides (i.e.,
Fe(IlT) and Mn(IV)) are being reduced. Thus, in theory electricity could be generated
by exploiting this ability of microorganism to transport electrons outside of the cell. It
was Potter in 1911 (Potter, 1911) the firs who observed electricity production in
microbial cultures, creating a biological anode where microorganism could release the

produced electrons.

Electrogenic microorganism (also known as anode respiring bacteria (ARB)) are known
to release the electrons to the anode by means of one of the following mechanism: (i)
direct contact with the electrode surface (Kim et al., 1999; Holmes et al., 2004), (ii)
aided by redox mediators (Rabaey et al., 2003) and (iii) through conductive cellular pili
known as nanowires (Reguera et al., 2005; Gorby et al.,). The first of these categories
(i.e., direct electron transfer) requires electrical contacts between the outer surface of the
cell and the electrode surface (Figure 1.2), and has primarily been studied in
dissimilatory metal reducing bacteria (Arnold et al., 1988; Nealson and Saffarini, 1994).
Although direct electron transfer occurs within complex communities and across
diverse phyla, the investigation of its mechanism has mainly revolved around two
model microorganism: Shewanella oneidensis MR-1 and Geobacter sulfurreducens

(Rabaey, 2010).




Chapter 1

[w]
OmcecD OmcE

fnnaa %ﬁmm T Gt aamorane
$86688066588668 Lesssessbbbbbill

%@_ Periplasm
PpcA %Oe‘
™ g

m ¥ Cytoplasm

NAD(P)H NAD(P)

Figure 1.2. Summary of the electron transfer chain proposed to be involved in the ARB metabolism in
BESs using metal reducing microorganisms (Geobacter species). (Figure drawn with modifications after
(Lovley et al., 2004)).

The second mechanism (Figure 1.3) of electron transfer (i.e., aided by redox mediators)
proposes the presence of a soluble electron shuttle: a compound that carries electrons
form the bacteria by diffusive transport to the surface of the electrode (or metal oxide),
and is able to react with it, discharging its electrons (Torres et al., 2010). Then the
oxidized redox mediator diffuses back to the microorganism where it is re-reduced
again being subjected to a new oxidation-reduction cycle. The electron shuttles involved
in this process can be endogenous chemical mediators (i.e., self-produced) such as
quinones and phenazine (Rabaey et al., 2004; Rabaey et al., 2005) and also they can be
found naturally in the environment as in the case of humic acids (Straub et al., 2001;
Hernandez and Newman, 2001). Furthermore, artificially added chemicals such as ferric
chelate and thionin can be used to facilitate the shuttling of electrons (Tanaka et al.,
1983a; Tanaka et al., 1983b), nevertheless its applicability to industrial scale BES is
limited because of its economic costs and the environmental burdens derived from the

toxic nature of most artificial electron shuttles (Du et al., 2007).
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Figure 1.3. Schematic representation of electron transfer through soluble electron shuttles. (Figure drawn
with modifications after (Lovley et al., 2004)).

The third mechanism of electron transfer takes place through electrically conductive
appendages called “bacterial nanowires”. Members of the Geobacteraceae family,
which are known to transfer electrons through mediator-less mechanisms, can form
relatively thick (>50um) anode biofilms (Derek R, 2008). Nevertheless, cells at this
considerable distance from the anode contribute to current production (Nevin et al.,
2008), and bacterial nanowires are known to play an important role in this long-range

electron transfer (Reguera et al., 2000).
1.2.2 Thermodynamics of Bioelectrochemical Reactions

In an electrochemical reactor the oxidation and reduction reactions proceed at separate

electrodes, and the electrical work Wethat can be done by the system is:
Wy = —QAE = —nFAE (1.3)

where AE (V) is the potential difference between the electrodes, O (C ) is the transported
charge, which is n times the Faraday constant (96,484.6 C mol™), and # is the number of

electrons transferred within the reaction.

For an overall electrochemical reaction qaA + qgB—q.C + qpD, the electrical work can

also be computed in terms of the change in its Gibbs free energy:

0 a2¢ afP
Wer = —AGr = AGy + RTIn | —57—o5 (14
A B
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with AG, (J) the Gibbs free energy of a reaction at specific conditions, AG’. (J) the
Gibbs free energy of a reaction at standar conditions (298.15 K, 1bar, 1M concentration
for all species), R the universal gas constant (8.3145 J mol” K'), T (K) the absolute
temperature, «; the activity of a specific product or reactant i and u; the reaction

coefficient of a specific product or reactant.

Combining Equations 1.4 and 1.3 yields the following expression for the potential

difference between the electrodes of the electrochemical system:
RT aﬂc aﬁD
AE = AE® —Xin (ﬁ) (1.5)

where AE” (V) is the potential difference between the electrodes at standard conditions.
When AE>0 the process is called a galvanic cell and the overall reaction proceeds from
left to right. On the contrary, when AE<0 an electrolytic process takes places and the
overall reaction proceeds in the reverse direction. In a MFC, where anodic oxidation of
organic matter (e.g., acetate) is coupled to a cathode that reduces oxygen to water and
therefore AE>0,; whereas in a MEC the cathode reduces protons to hydrogen and thus
AE<0.

AE is often expressed as the difference in the anode (E,) and cathode (E¢) potentials,
(i.e., the potentials of the half-cell reactions), which in literature are reported relative to
the normal hydrogen electrode (NHE), which is defined to be zero at standard
conditions (i.e., 298K, pH,=1bar, [H ]=1M):

AE = E. — E, (1.6)

If we assume that acetate is oxidized by electrochemically active microorganism at the

cathode, the anodic half reaction can be written as:
2HCO; +9H +8¢'— C,H30, + 4H,O (1.7)

Consequently, and according to Equation 1.5, anodic potential at specific conditions

(Ea) can be computed as:

_ 0 _ RT [C2H3 05 ]
Ea = E4 8F in ([HCO;]Z[H+]9) (1.8)

10
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where EA” (V) is the anodic potential at standard conditions relative to the NHE.
Similarly, for a cathode that reduces oxygen, the electrode potential at specific

conditions (Ec o) can be calculated as:

0,+4H +4¢ —2H,0 (1.9)
RT 1
Ec.02 = B o2 = 110 (52mm) (1.10)

where Ec_020 (V) is the cathodic potential at standard conditions relative to the NHE and
pO, (bar)is the partial pressure of oxygen. Likewise, when a cathode reduces protons
instead of oxygen, the electrode potential at specific conditions (Ec m2) can be

calculated as:

2H"+2¢ —H, (1.11)

— 0 _RT pH;
Ec uz = Ec i 2F In ([H+]2) (1.12)

where EQHZO (V) is the cathodic potential at standard conditions relative to the NHE and

pH; (bar)is the partial pressure of hydrogen.
1.2.3 Overpotentials

Due to various potential losses, actual cell and electrodes potentials differ from voltages
computed as in Equations 1.5, 1.6, 1.8, 1.10 and 1.12, which are indeed theoretical
potentials. These potential losses (commonly known as overpotentials) usually include,
ohmic losses, activation losses, concentration losses and the loos that results from the
microbial metabolic activity. All these overpotentials are graphically depicted in Figure

1.4 and explained below:

Ohmic overpotentials are derived from electron transfer through electrodes and ion
transfer through the electrolyte, and they obey Ohm’s law. Thus, the ohmic

overpotential (hq) is proportional to the current (I):
ng = IR (1.13)

where I (4) represents the current flow, and R () the total cell resistance. Ohmic

overpotentials can be decreased by using electrolyte solutions with high ionic strength

11
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(thus higher conductivity), through the decrease of anode-to-cathode spacing, and the

use of current collectors (to minimize the effect of large electrode surface area).

Concentration overpotentials are often associated with inefficient mass transfer through
migration, diffusion and convention of substrates or removal of products. In
bioelectrochemical devices also includes the rate of biocatalytic substrate conversion
(i.e. the conversion rate of substrate into species that may be oxidized on the electrode
surface area). In the absence of other type of overpotentials, concentration

overpotentials (hc, [V]) can be expressed as (Bagotsky, 2005):

N _RrT ln<1+(i/il’red)) (1.14)
" nF 1-(i/1] ox )

where i (A m™) stands for the current density, and 11red and 11ox (A m™) represent the
limiting currents of reduction and oxidation respectively of the electrochemically active
species. Concentration polarization in BES can be decreased by better reactor mixing
and/or by increasing buffer concentration; however, the necessity of additional energy

input and the addition of chemicals have to be taken into consideration (Rabaey, 2010).

Activation overpotentials are derived from slow electrode kinetics (i.e., the rate at which
electrons are transferred to the electrode). The relation between activation overpotential
(ha, [V]) and current density for a given electrode can often be written in the form of

(Bagotsky, 2005):
Na=a+b-In(i) (1.15)

where a is a parameter that depends on the type of electrode and the electrochemical
reaction studied, and ranges from 0.03 to 3V. Parameter b changes within much
narrower limits; in many cases at room temperature b =<0.05V. Activation over
potentials can be minimized by using more effective catalysts, increase the real surface
electrode area (by increasing the electrode roughness) or even using higher reaction

temperatures.

As a result, the cell voltage (E.e1) produced at any specific current can be computed as:

12



Chapter 1

Econ = AE — (g + & + |n&| + 4 + nS)) (1.16)

where n¢” and nc© represent the concentration overpotential at the anode and cathode
respectively and and n,” and n,° stand for the activation overpotential at the anode and
cathode respectively. Note that when the reactor is operated in MEC mode Ecg

becomes negative.
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Figura 1.4. The several bioelectrochemical loses associated to a MEC reactor: mass transfer and substrate
diffusion in the anodic chamber (1), bacterial metabolism (2), electron transfer to the anode (3), anodic
ohmic loses (4), ohmic and mass transfer loses associated to ions circulation (5), mass transfer and
hydrogen diffusion in the cathodic chamber (7), electron transfer from the cathode (8), and cathodic
ohmic looses (9). The applied potential needed for the global bioelectrochemical reaction to proceed has
also been included (6).

1.2.4 Performance Parameters

The main goal of a bioelectrochemical reactor is to produce either electricity or
hydrogen (or any other of the products discussed in paragraph 1.4) while at the same
time remove the organic contamination from an aqueous effluent. However, these two
parameters (energy/hydrogen production and organics removal) are insufficient to

describe the performance of a BES. We also need to take into account many other

13
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factors such the recovery of electrons in the anode, the energy efficiency or the energy
conversion efficiency. Following, how the most important of this performance

parameters are computed is detailed:

Treatment efficiency (CODr, %). BESs have been proposed as technology for
wastewater treatment, and as so it is important to compute its ability to remove organic
matter from a waste effluent. Even though its performance can be evaluated in terms of
biochemical oxygen demand (BOD) removal, total oganic carbon (TOC) removal and
several other parameters (Metcalf & Eddy Inc., 2003), in this work chemical oxygen
demand removal (CODr) has been selected as the preferred parameter to compute the

BES treatment efficiency:

coDr = £0Pin=C0Dour) (1.17)

CODp,

where COD,, and COD,,, are the COD concentration of MEC influent and effluent

respectively.

Coulombic efficiency (CE, %): has been defined as the ratio of total electronic charges
transferred to the anode from the substrate, to maximum possible charges if all substrate

removal produced current (Logan et al., 2006). It is calculated as:

f86400 1dt

—_ 0 .
CE = (CODi—CODyyt)/M-Qin-e-F 100 (1.18)

where I is the circulating electrical current (A), M is the weight of 1 mol of COD (32 g
mol™), O, is the influent flow rate (L d'), e is the number of mol of electrons
exchanged per mol of COD equivalent consumed (8 mol mol™), and F is the Faraday

constant (96,485 C mol™).

Cathode conversion efficiency (CCE, %), also known as cathodic efficiency. It
represents the ratio of hydrogen recovery to the maximum theoretical production if all

the electronic charges that arrive to the cathode were converted to hydrogen:

CCE = B e - 100 (1.19)
0

14
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where p is the pressure in the cathodic chamber (p=1 atm); Oy, is the hydrogen flow
rate (Lo Ly’ d™); V, is the anode volume (L); R is the ideal gas constant (R=0.08205 L
atm K' mol™"); T is the temperature (K); ey is the number of mol of electrons

exchanged per mol of hydrogen (2 mol mol™).

Hydrogen yield (Y, mol mol”), is the number of mol of hydrogen harvested from 1

mol of COD consumed:

y,, = — @QaVa)/RT) (1.20)

(CODin_CODout)/M'Qin

Specific energy consumption (Eeons Wh g'-COD) is the electrical energy supplied to the

MEC relative to the amount of organic matter consumed, and is calculated as:

86400
__Jo " Vapplat

E =
COMS — (CODin—CODoyt)/M-Qin

(1.21)

where Vypp 1s the voltage applied to MEC (V)

1.2.5 Operational Parameters Affecting Bio-Electrochemical Systems

There are several factors that have a significant influence on the performance of
bioelectrochemical systems. Without being exhaustive, here is a list of the most relevant

ones in the author’s opinion:

pH. Changes in internal and external pH usually affects bacterial activity, adaptation to
acidic or basic conditions and the dissociation of compounds such ammonia, sulphide
and organic acids among others. Substrate degradation in BESs has been observed to be
higher under neutral operating conditions (pH in the range of 6.25 to 6.50) (Raghavulu
et al., 2009; Martin et al., 2010; He et al., 2008). Besides, in regular urban wastewater,
the concentration of cations other than protons (e.g., Na', K, NH;") are typically 10°
times higher than the concentration of protons (Rozendal et al., 2007). In this situation
these species rather protons are responsible for the transport of positive charges (Zhao et
al., 2006). In bicameral systems, where cation exchange membrane is interposed

between both the anodic and the cathodic chamber, this transport creates a pH gradient
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between the anodic and cathodic chambers that can affect negatively the cell

performance (Rozendal et al., 2007).

Temperature. The effect of temperature on BESs performance is still not clear. While it
has been shown that current generation in a MFC at 822 °C was much higher than that
at 20-35 °C (Jadhav and Ghangrekar, 2009), other studies have shown that power
output increases when temperature increases from ~20 to ~30 °C and that little activity
was detected at 15 °C (Liu et al., 2005a; Min et al., 2008). More recently, when
studying electrochemically active biofilm activity, it was found that when temperature
is in the range between 30 and 45 °C, the catalytic currents increase following the
Arrhenius law and that at 53 °C and above negligible catalytic current was observed

(Liu et al., 2011). Optimum working temperature was 45 °C.

Electrolyte ionic strength. Solution resistance between electrodes has been identified as
an important responsible in BES performance limitations (Rozendal et al., 2008a; Logan
et al., 2008), particularly when BESs are fed with domestic and many industrial
wastewaters, which typically exhibit low conductivities (in the order of only 1 mS cm™)
(Rozendal et al.,, 2008a), leading to high ohmic loses. Undoubtedly, electrolyte
conductivity could be increased by adding salts, although this solution might not be
economically nor environmentally feasible at industrial scale. A more reasonable
solution has to do with the reactor architecture and consists of reducing electrode
spacing, since conductivity is inversely proportional to the distance between electrodes

(Logan et al., 2006; Ghangrekar and Shinde, 2007).

Applied potential. As low as 0.11-0.23 V is the applied potential needed to produce
hydrogen in MEC (Liu et al., 2005b; Rozendal et al., 2006b; Ditzig et al., 2007;
Rozendal et al., 2007); still applied potentials of 0.4 V and below usually fail to produce
significant amounts of hydrogen and to remove organic matter (Tartakovsky et al.,
2009). In addition, tests performed in an acetate-fed single-chamber MEC revealed that
applied voltages between 0.4-1.2 V, acetate removal and hydrogen production rates
were proportional to V,,, (Tartakovsky et al., 2009). Tests performed with other
substrates showed a similar dependence between applied voltage and hydrogen
production and substrate removal rates (Lu et al., 2009; Escapa et al., 2009). Applied

voltages above 1.2 V did not improve significantly hydrogen production nor the
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substrate removal rate. It has been suggested that applied voltages above 1.2V, electron
transfer becomes limited by the metabolic activity of electrogenic microbes

(Tartakovsky et al., 2008).

External resistance. A microbial fuel cell can be regarded as a particular type of battery,
and as such can be modeled simply as an ideal power source in series with a resistance
known as internal resistance. The internal resistance has a decisive influence in the
power produced by the MFC, which can be maximized by selecting an external load

with a resistance equal or similar to the internal resistance (Logan, 2008).

1.3 BIOELECTROCHEMICAL SYSTEMS FOR WASTEWATER
TREATMENT AND ENERGY PRODUCTION

From a wastewater treatment perspective, BESs can also be seen as a method to produce
a high-valuable commodity (i.e., hydrogen, electricity, etc.) from a diluted COD stream
(e.g., domestic wastewater) at the cost of a small (or even null) input of energy
(Rozendal, 2007). In addition, BES have advantages over other technologies used for
generating energy from organic matter. First, MFCs produce energy in a much more
efficient way than combustion engines, which are limited by the Carnot limit. Second,
the hydrogen produced in a bicameral-MEC usually has high purity levels resulting
from interposing a separation between the anodic and the cathodic cambers. Third,
BESs do not require additional energy for aeration since MFC can be aerated passively
and MEC do not require air at all. Finally, since BESs involve an anaerobic process, the
yield of biomass is usually relatively low compared to that of aerobic treatments. Even
though biomass yields have not yet been thoroughly investigated for bio-
electrochemical reactors, a range of yields of 0.07g to 0.31g COD-biomass g' COD-
substrate have been reported (Rabaey et al., 2003; Freguia et al., 2007), which is well
below to what is consider “typical” for an aerobic treatment (0.4 g COD-biomass g’

COD-substrate) (Logan, 2008).

Before we consider how a BES might be implemented in a WWTP, it is important to
know how a conventional wastewater treatment plant (WWTP) is designed.

Traditionally, wastewater treatment has been a combination of physical, biological and
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chemical treatment methods, the final arrangement depending on the type of WW to be
treated. Here, we will focus on the arrangement of a “typical” large WWTP used for
domestic WW treatment. Although water may be polluted by many materials and
substances, the most common contaminants found in domestic WW are: (i) Organic
materials, as measured by the biological demand for oxygen (BOD) or the chemical
demand for oxygen (COD); (ii) nitrogen, which includes biological nitrogen, nitrates,
nitrites and ammonium; (iii) phosphorus; (iv) suspended solids; (v) pathogenic
organisms (as estimated by coliforms); and (vi) traces of persistent organics (such as

chlorinated pesticides).

Despite large urban WWTP can vary greatly in terms of their design, often they take a
general form as shown in Figure 1.5, which includes the most characteristic elements
that conform the water-treatment line: (i)The preliminary treatment, where the WW is
first screened to remove large debris and grit in order to protect pumps and the
remainder of the unit operations. (ii)The primary treatment: its purpose is to remove all
particles that are settable. (iii)The secondary treatment, which typically consists of two
components: a bioreactor where soluble organic materials gets converted mainly to
bacterial biomass and carbon dioxide, and a settling tank (called secondary clarifier)
where the bacterial biomass is removed. (iv) Advanced treatment, which includes
several polishing or cleanup processes, such as nutrients removal (mainly phosphorous
and nitrogen) and chlorination to kill bacteria. (v) Residuals management, where solids

removed by other process are collected, stabilized and subsequently disposed.

Inflow Prelimina Prima Seconda
(Sewage) > Treatme Treatme Treatme

> Residuals Managem

Advane Outflow (Effluent
Treatme 0 water course

Figure 1.5. Arrangement of a typical large wastewater treatment facility (picture reproduced from (Aarne
Vesilind, 2003)).

Up to now, several treatment process trains where BES can be integrated in a WWTP
have been envisioned (Rosenbaum et al., 2010). Since the anodic chamber of a BES
usually contains undefined mixed cultures (including electrogenic microorganisms) that

can oxidize a wide variety of organics with the anode as an electron acceptor (Rabaey et
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al., 2003; Liu et al., 2005a; He et al., 2005; Heilmann and Logan, 2006; Huang and
Logan, 2008; Liu et al., 2004), the first and simplest process train seems to be a “stand-
alone” arrangement, where the BES could be incorporated replacing the bioreactor in
the secondary treatment. Nevertheless, experiments conducted with real domestic
wastewater-fed reactors have revealed that COD removal at bench-scale tests is limited
(tipically 40-80%) (Liu et al., 2004; Rodrigo et al., 2007; Min and Logan, 2004), and
may not accomplish what local regulations allow in terms of BOD removal and BOD
concentration of the effluent. In addition nitrogen removal in a MFC-MEC is usually
low, and it is mostly attributable to nitrogen assimilation into bacterial biomass, which
accounts for only a small percent of the total removal usually needed (Logan, 2008;
Freguia et al., 2007). For these reasons, it seems unlikely that a BES may operate alone
in a WWTP, and so a polishing step may be required. This leads us to the second
configuration or niche for BESs application which consists of a bio-electrochemical

treatment followed by an aerobic/anoxic step.

Usually, BESs fed with non-fermentable substrates appear to outperform (in terms of
CE) those fed with readily fermentable substrates (Lee et al., 2008), for the anodic food
web in the former dos not need to support hydrolysis and digestion of high molecular-
weight constituents. Therefore, wastewater acidification prior to the BESs treatment
would likely increase its performance, since it accelerates soluble organic constituents
and hydrolysis, and almost all organic materials in wastewaters, regardless of its origin
can be uniformly degraded to relatively simple volatile fatty acids (VFAs), which are
readily converted to electricity in a BES (Li and Yu, 2011) even at low concentrations
(Lee et al., 2008; Kim et al., 2010). In addition, this “two-stage” process favors the
enrichment of specific species in the individual reactors (De La Rubia et al., 2009;
Fezzani and Ben Cheikh, 2010), and increases the process stability (Held et al., 2002).
However, a two-stage arrangement may complicate the reactor configuration and
operation, and so resulting in increased investment and operation costs. Another
drawback of this arrangement is, as it happens with the “stand-alone” one, little nitrogen
is removed from the effluent, and so an aerobic/anoxic polishing step might be required

after the BES reactor.

BESs can also be integrated in a WWTP as a postreatment of the effluent of waste

activated sludge (WAS) and primary sludge (PS) co-digestion. Anaerobic digestion of
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WAS at thermophilic temperatures (55°) presents several advantages over mesophilic
temperatures (35-37°), namely: they increase the rate of solubilization, double the
methane production, achieve volatile solids removal efficiencies up to 40 % (Lafitte-
Trouqué and Forster, 2002) , and also allow for sufficient pathogen removal (Welper et
al., 1997). However, high temperatures increase the concentrations of propionate and
ammonia, which can inhibit methanogenesis and lead to increased accumulation of
VFAs (Bocher et al., 2008), and therefore the effluent thermophilic anaerobic
codigestion of WAS+PS becomes an ideal substrate for BESs, as VFAs can be easily

converted into current by electrogenic microorganisms.

Another potential niche for BESs is as a postreatment of anaerobic digestion of
industrial wastewaters (Pham et al., 2006; De Schamphelaire and Verstraete, 2009).
Usually, high-strength wastewaters (more than 1 g-COD L") go through anaerobic
digestion because of its remarkable bioconversion efficiency (often depassing 90 %)
and its ability to recover the energy content of the substrate in the form of methane
(Pham et al., 2006). As BES can operate at low strength effluents (Rozendal et al.,
2008a), BES processes such as MECs may replace conventional activated sludge

polishing systems after anaerobic digestion (Kim et al., 2010).

1.4 CURRENT STATUS OF MEC TECHNOLOGY

MEC:s for hydrogen production

Since the principle of hydrogen production through MEC was first demonstrated in
2005/6 (Liu et al., 2005b; Rozendal et al., 2006b), continuous improvements and
breakthroughs have been made in the performance and architecture of the reactors. The
first remarkable change made in the architecture of the MECs was the development of
single-chamber MECs that lacks membrane, which allowed to boost the hydrogen
production in acetate-fed MECs (Logan et al., 2008; Tartakovsky et al., 2009; Rozendal
et al., 2007; Call and Logan, 2008) while reducing significantly the production cost of
hydrogen (Rozendal et al., 2008a). Through the use of a membrane-less system, a
graphite fiber brush anode, and close electrode spacing, hydrogen production rates

reached a maximum of 3.12 m’H, m> (Call and Logan, 2008), which was more than

20



Chapter 1

double than that obtained in previous MEC studies (Cheng and Logan, 2007). However,
the absence of a polymeric membrane between the anode and the cathode of the MEC,
makes possible the conversion of the cathodic hydrogen to methane by
Methanobacteriales in anode and cathode biofilms (Lee et al., 2009), which limits
significantly the overall performance of hydrogen production. Therefore methanogenic
activity is an issue that must be carefully addressed to increase MEC performance, yet
none of the several various approaches that have been proposed (Call and Logan, 2008;
Lee and Rittmann, 2010; Chae et al., 2010; Wang et al., 2009) can satisfactorily
suppress hydrogenotrophic activity. Interestingly, rather than avoid methane production,
it has been suggested that the conversion of hydrogen to methane in a MEC may
represent a viable method for bioenergy production from hydrogen gas (Clauwaert and
Verstraete, 2009; Clauwaert et al., 2008). This new approach would also bring extra
environmental benefits, since the CO, produced during biomass oxidation in the

cathode, can be further converted to additional fuel (Van Eerten-Jansen et al., 2012).

The highest hydrogen production reported up to now in a MEC ( 50 L L, d'), was
observed using a Ni-foam electrode (Jeremiasse et al., 2010b), although it was also
reported a reduction in the rate over time. More usually hydrogen production rates in
MECs are reported to be in the range of 0.01-6 L L, d' (Rozendal et al., 2006b;
Tartakovsky et al., 2009; Escapa et al., 2009; Call and Logan, 2008). Notably, low cost
materials such as stainless steel cathodes are performing also satisfactorily as cathodes
in MEC allowing to hydrogen production rates of 1.7 L L," d'. Although when
compare with other hydrogen production technologies such as dark fermentation, MEC
is lagging behind in terms of hydrogen production rates (a maximum rate of 189 L L,
d”! has been reported for dark fermentation (Lo et al., 2009) ), hydrogen yields in MECs

are much more favorable (Lee et al., 2010; Borole, 2011).
MEC:s for chemicals and reagents production

In addition to hydrogen and methane, a plethora of valuable industrial products can be
produced in the cathode of MECs. One of the firs process investigated was the
production of sodium hydroxide in the cathode of a MEC (Rozendal et al., 2006a),
which is based in part on the poor selectivity of the cation exchange membranes and in

part on the much higher concentration of metallic cations than protons in conventional
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wastewater streams. More recently, a novel device which combines a microbial
electrolysis cell with a microbial desalination cell had the feature of simultaneous HCI
and NaOH production, while reducing the organic load of a synthetic wastewater (Chen
et al., 2012). Hydrogen peroxide is another valuable product that can be generated by
stabilizing oxygen reduction in the cathode of a MEC (Rozendal et al., 2009). More
recently, Cusick and Logan (2012) have succeeded in precipitating phosphorus as
struvite, while producing in parallel a significant amount of hydrogen (2.3 L L, d") in

the cathode of a MEC.

It has also been shown that biofilms of Sporomusa ovata growing on graphite cathode
surfaces consumed electrons with the reduction of carbon dioxide to acetate (Nevin et
al., 2010), which can be further reduced to ethanol with methyl viologen in the cathode
compartment of MEC (Steinbusch et al, 2010).

Biotic vs. abiotic cathodes

A significant modification of the MEC architecture came with the use of biotic
cathodes, in which the hydrogen evolution reaction is catalyzed by electrochemically
active microorganisms (Rozendal et al., 2008b). In the referred work, a microbial
biocathode outperformed by more than three times the performance of a control Pt-
based abiotic cathode in terms of hydrogen production and current density. Even though
this achievement has attracted the attention of several research groups (Croese et al.,
2011; Huang et al., 2011; Xie et al., 2011; Jeremiasse et al., 2010a), the use of biotic
cathodes have not yet proved to be a feasible alternative for abiotic ones. On the
contrary, abiotic cathodes have experienced continuous improvements, mainly
regarding to the catalyst used. First row transition metals such as iron, cobalt, titanium
and nickel , has been widely employed in bioelectrochemical systems (Kim et al., 2011;
HaoYu et al., 2007; Selembo et al., 2009; Manuel et al., 2010) because of their stability,
abundance in nature, stability and low toxicity for living organisms (Selembo et al.,
2009). Particullarly, Ni-based cathodes have provided very promising results in terms of
hydrogen production and energy efficiency, in many cases outperforming Pt-based
cathodes (Selembo et al., 2009; Manuel et al., 2010; Selembo et al., 2010; Hrapovic et
al., 2010; Escapa et al., 2012).
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2.1 OBJECTIVES

The main objective of this Thesis has been to study the ability of Biocatalyzed
Electrolysis (BE) as a wastewater treatment for organic matter removal and energy

production. To achieve this main objective several research works have been conducted:

1) evaluating the performance of a microbial electrolysis cell (MEC) when treating
synthetic industrial wastewaters such as those derived from biodiesel production which

contain large amounts of glycerol.

i1) investigating the influence of operational conditions on the performance of MECs by
examination of the combined effects of hydraulic retention time and applied voltage on
hydrogen and methane production and the chemical oxygen demand (COD) removal
rate in a continuous membrane-less MEC reactor fed with a synthetic dark-fermentation

effluent.

iii) evaluating MEC performance under optimized conditions when treating full-

strength, un-amended domestic wastewater.

iv) studying the feasibility of combined MEC and activated sludge for wastewater

treatment.

2.2 THESIS OUTLINE

Wastewater treatment represents roughly 1% of the yearly electrical energy
consumption in Spain, which poses a problem for our country in the future. Even
though this energy consumption in domestic wastewater treatment plants can be reduced
through online and dynamic control of aeration systems, and recovering natural gas
from anaerobic digesters, the energy content of the organic matter dissolved in the
wastewater still remains largely unexploited. BE represents a relatively new alternative
to conventional aerobic wastewater treatments, since it can convert directly the energy
content of the organic matter into valuable energy products such as hydrogen.

However, as BE is a new process, many of its potential advantages are still unexplored.
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The scope of this PhD thesis is to investigate the potential of the BE for its application
in industrial and domestic wastewater treatment for organic matter removal and

hydrogen production.

In Chapter 1, a general overview is presented regarding bioelectrochemical systems
and their role in the field of wastewater treatment. In Chapter 2, the objectives of the

thesis and the thesis outline are presented.

In Chapter 3, it is studied the ability of the BE to treat a fermentable industrial sub-
product such as glycerol. A MEC reactor was continuously fed with a synthetic effluent
at organic loads of glycerol of 0.3-5.3 g L, d”'. Evaluation of the glycerol degradation
and hydrogen production processes was performed in terms of cathodic efficiency,
Coulombic efficiency and energy efficiency. Overall, it was observed a fast conversion
of glycerol to fermentation products, revealing that fermentation products rather than
glycerol are the most likely source of electrons used by electrogenic microorganisms. It
is known that in bioelectrochemical systems, fermentation substrates usually outperform
fermentable substrates in terms of substrates conversion to either electricity or
hydrogen. Therefore, in Chapter 4 it was studied the performance of a MEC when it
was fed with a synthetic effluent of a dark-fermentation process, focusing on the effect
of the hydraulic retention time (HRT) and the applied voltage. The study showed that it
requires applied voltages of 1V and HRTs of 12 h to remove more that 90% of the
influent COD and to achieve a hydrogen production rate of 1.42 L L, d™'.

Domestic wastewater treatment plants represent a good candidate for the practical
implementation of MECs. Chapter 5 evaluates the potential of BE for domestic
wastewater treatment in parallel to hydrogen production. The reactor was subjected to
ORLs in the range between 243 and 3,128 mg-COD L," d' and applied voltages that
ranged from 0.5 to 1.2 V trying to find a set of operational parameters that improve the
performance the MEC during domestic wastewater treatment. Overall, it was found that
hydrogen production can be maximized at OLR’s above 2,000 mg-COD L," d,
although COD removal rates are relatively low (~50%).

Before practical implementation of BE, it would be useful to have a preliminary
estimation of the maximum acceptable investment cost associated to this technology.

This issue was addressed in a case study in Chapter 6, in which the aerobic reactor of
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an already existing wastewater treatment plant was replaced by a MEC reactor followed
by an aerobic polishing step. Overall the study revealed that the manufacturing costs of
a MEC should be in the range between 1,100 and 1,350 € m™ of anode surface area to

break even at the turn of 7 years.

Experimental studies Feasibility study

Type of wastewater  synthetic wastewater

Origin of wastewater Industrm_l ]Ildllstl‘lﬂ.l

Chapter 3 Chapter 4 Chapter 5 Chapter 6

Figure 2.1. Organization of this PhD thesis.
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Chapter 3

Hydrogen Production from Glycerol in a Membrane-less

Microbial Electrolysis Cell

Abstract. Hydrogen production from glycerol was studied in a microbial electrolysis
cell (MEC) with a 250 mL anodic chamber and a gas-phase cathode. A membrane-less
MEC design was employed, where a graphite felt anode and gas diffusion cathode were
only separated by a 0.7 mm thick highly porous synthetic fabric (J-cloth). Glycerol
(fuel) was continuously fed to the anodic chamber at loads of 0.3-5.3 g L d’'. Fast
conversion of glycerol to fermentation products, mainly 1,3-propanediol, propionate,
and acetate was observed, i.e. the fermentation products rather than glycerol were the
most likely source of electrons for the anodophilic microorganisms. Hydrogen
formation at the cathode required additional input of energy, which was provided by a
controllable power supply. Hydrogen formation was observed starting from an applied

voltage of 0.5 V. The highest volumetric rate of hydrogen production was 0.6 L L d’,

which was obtained at a glycerol load of 2.7 g L d"! and an applied voltage of 1.0 V.

Hydrogen yield reached 5.4 mol per mol glycerol consumed, which corresponded to

77% of the theoretical value.

A. Escapa, M.-F. Manuel, A.Moran, X. Gomez, S.R. Guiot and B. Tartakovsky

Energy & Fuels 23 (9), (2009) 4612-4618
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3.1 INTRODUCTION

Glycerol is the principal co-product of biodiesel production. Crude glycerol derived
from the biodiesel production process has many impurities, which decrease its
commercial value. At the same time, glycerol purification to food or cosmetic usage
grade is costly. The recent worldwide increase in biodiesel production has generated a
glycerol surplus resulting in a drop in glycerol prices. This means that glycerol
produced during biodiesel production has become a “waste-stream” with a disposal cost

associated to it (Yazdani and Gonzalez, 2007).

Several technologies based on chemical transformation of glycerol into more valuable
products, mainly 1,3-propanediol (Yazdani and Gonzalez, 2007; Barbirato et al., 1995;
Zeng et al., 1996) and hydrogen (Valliyappan et al., 2008; Zhang et al., 2007; Adhikari
et al., 2008), have been proposed. While hydrogen yield in the pyrolitic decomposition
of glycerol can almost reach its theoretical maximum of 7 moly, mol™ glycerol (Zhang
et al., 2007; Adhikari et al., 2008), this technology requires high process temperatures
thus leading to significant energy losses. Recently, hydrogen production from glycerol-
water solution in a PEM electrolysis cell has been proposed (Marshall and Haverkamp,
2008). In this process, electrochemical reforming of glycerol was achieved using Pt/Ru-
Ir oxide. Electrical energy consumption of 1.1 kWh m™};, was reported and a volumetric
hydrogen production rate of up to 10 m’y, m™ d' was projected based on current
measurements. However, this process required the use of noble catalysts at the anode
and poisoning of anode catalytic activity by glycerol or its oxidation products has been

observed.

In general, hydrogen production from glycerol via biological fermentation process is
less energy intensive. Biohydrogen production can be achieved via fermentative
processes involving bacteria of the genera Klebsiella, Citrobacters, Enterobacter and
Clostridia (Yazdani and Gonzalez, 2007). Liu and Fang (2007) demonstrated
fermentative hydrogen production from glycerol with a maximum hydrogen evolution
rate of 0.4 Ly, L' h' using Klebsiella pneumoniae DSM 2026. Tto et al. (2005) used

Enterobacter aerogenes on porous ceramics as a support material obtaining a hydrogen
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production rate of 1.4 Ly | D However, thermodynamic limitations of the
fermentation process result in only partial conversion of glycerol and therefore low
hydrogen yields below 1 moly, mol™! glycerol (Liu and Fang, 2007; Ito et al., 2005;
Fabiano and Perego, 2002), due to the production of several metabolites such as 1,3-

propanediol, ethanol and volatile fatty acids (Murarka et al., 2008)

Microbially catalyzed electrolysis is a novel technology capable of converting organic
matter into hydrogen in a modified microbial fuel cell (MFC) (Logan et al., 2008). In a
MFC, the anodophilic microorganisms convert chemical energy of organic matter (fuel)
to electricity by transferring electrons to the anode and releasing protons, while oxygen
reduction occurs at the cathode electrode (Bond and Lovley, 2005; Liu et al., 2004;
Rabaey and Verstraete, 2005). In the microbial electrolysis cell (MEC) no oxygen is
provided to the cathode and protons are reduced to molecular hydrogen provided that
additional energy is supplied by an external power supply (Call and Logan, 2008;
Rozendal et al., 2006; Liu et al., 2005; Tartakovsky et al., 2008). A detailed description
of hydrogen production in a MEC can be found elsewhere (Logan et al., 2008; Rozendal
et al., 2006; Liu et al., 2005).

So far, hydrogen production in a MEC has been demonstrated on several volatile fatty
acids, glucose, and cellulose (Tartakovsky et al., 2008; Rozendal et al., 2007; Cheng
and Logan, 2007; Chae et al., 2008; Hu et al., 2008). However, thus far only results on
hydrogen production from glycerol in a batch-fed MEC have been reported (Selembo et
al., 2009). This study is aimed at demonstrating hydrogen production from glycerol in a
membrane-less MEC with a gas-phase cathode, which was shown to improve the
volumetric rate of hydrogen production in comparison with a PEM or liquid-phase
cathode MECs (Tartakovsky et al., 2008; Rozendal et al., 2007; Cheng and Logan,
2007; Chae et al., 2008; Hu et al., 2008; Selembo et al., 2009; Tartakovsky et al., 2009).
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3.2 MATERIAL AND METHODS

3.2.1 Media Composition

The stock solution of carbon source contained 265.0 g L™ of glycerol. The nutrients
stock solution was composed of (in g L™): yeast extract (0.83), NH4CI (18.7), KCl
(148.1), K,;HPO4 (64.0), and KH,PO4 (40.7). The stock solution of the trace metals
was prepared according to Rozendal et al. (2007), and contained (in mg L") FeCL14H,0
(2000), H3BOs (50), ZnCl, (50), CuCl, (30), MnCl,4H,0 (500), (NH4)sM070244H,0
(50),AlCl; (50), CoCl,6H,O (50), NiCl, (50), EDTA (500), and HCl (ImL). All
solutions were filter sterilized and stored at 4°C to prevent microbial growth. Distilled
water was used for solution preparation, and the chemicals and reagents used were of

analytical grade.
3.2.2 Analytical Measurements

Volatile fatty acids (VFAs) were analyzed on an Agilent 6890 gas chromatograph
(Wilmington, DE, USA) equipped with a flame ionization detector and a 1 m x 2 mm
60/80 mesh Carbopack C column (Supelco, Bellafonte, PA, USA) coated with 0.3%
Carbowax 20M and 0.1 % H3;PO,4. The carrier gas was helium, which had a flow rate of
20 mL min”'. The injector and the detector were maintained at 200 °C. 0.5 pL samples
were fortified at a ratio of 1:1 (V/V) using an internal standard of iso-butyric acid

dissolved in 6% formic acid.

1,3-propanediol was analyzed on a gas chromatograph (6890 Series, Hewlett Packard,
Wilmington, DE) coupled to an FID detector. 1 pL of water sample was injected on a
DB-ACL2 capillary column of 30 m x 530 um x 2 um from Agilent Technologies
(Wilmington, DE, USA) The column was heated at 60°C for two minutes then raised to

190°C at a rate of 10°C/min. Helium was used as carrier gas. The injector and detector

were maintained at 240°9C and 250°C, respectively.

Glycerol was measured by HPLC (Waters Corp, Milford, MA, USA) using model 717
Plus equipped with an autosampler, a refractive index detector (Waters model 2414) and

a PDA detector (model 2996). Transgenomic ICSep IC-ION-300 (300 mm x 7.8 mm
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OD) HPLC column was used. The mobile phase was 0.01N H,SO4 at 0.4 ml min’’.
Analysis was carried out at 35°C. Standard deviations of all analytical methods did not

exceed 5%.

Gas production in the MEC was measured on-line using bubble counters connected to
glass U-tubes and interfaced with a data acquisition system (Tartakovsky et al., 2008).
The U-tubes contained a dye, which facilitated bubble counting. Gas composition was
measured using a gas chromatograph (6890 Series, Hewlett Packard, Wilmington, DE)
equipped with a 3.5 m x 2 mm [.D. Chromosorb 102 column (Supelco, Bellefonte, PA,
USA) and a thermal conductivity detector. The column was heated at 50°C for 4 min.

The carrier gas was argon.
3.2.3 Electrochemical Measurements and Calculations

In hydrogen-production mode (MEC), an adjustable DC power supply (IF40GU
Kenwood, Japan) was used to maintain voltage at the preset setpoint. In electricity-
production mode (MFC), voltage was measured on-line at 10 min intervals using a data
acquisition system (Labjack U12, Labjack Corp, Lakewood, CO, USA). In MEC mode,
voltage scans were carried out by changing the applied voltage from 1.2 to 0.4 V in 0.2
V steps. Once voltage setting was changed, current was measured after 10 min using a
multimeter (Fluke 189, Fluke Corp, Everett, WA, USA). MEC internal resistance (i.e.
the sum of the charge transfer resistances and the solution resistance) was estimated
using the linear part of the voltage scan. Anode potential at each voltage was measured

using a standard calomel electrode (SCE, 0.2412 V vs NHE).

Following previous reports (Call and Logan, 2008; Liu et al., 2005; Tartakovsky et al.,
2008; Rozendal et al., 2007; Rozendal et al., 2007; Ditzig et al., 2007), MEC
performance was evaluated in terms of hydrogen yield from glycerol, specific energy
consumption, energy efficiency (the amount of energy contained in hydrogen as
compared to the power input necessary to produce this amount of hydrogen), as well as
in terms of Coulombic efficiency, cathodic efficiency, and chemical oxygen demand
(COD) removal efficiency. Detailed explanations of the calculation methods for these

parameters are provided below.
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Hydrogen yield on glycerol (Y, molm mol™ 2) was calculated as

— (p'Qﬂz'Va)/(R'T)
H2 — s
((Sin _-(j()l)out /Iéj)/‘Ad[g 'QZﬁ

(3.1)

where p is the pressure (p=1 atm); Oy is the hydrogen flow rate (L, Ly d); V, is the
anode volume (7,=0.25 L); R is the ideal gas constant (R=0.08205 L atm K' mol™); T
is the temperature (7=298 K); G, is the concentration of glycerol in the influent (g L~
; COD,,, is the COD of the effluent (g L™); rg 1s the COD equivalent of 1 g of glycerol
(r=12g gh); M, is the molecular weight of glycerol (M, =92.09 g mol™); O, is the
influent flow rate (L d).

Specific energy consumption (E,,,;, Wh L'IHZ) was calculated as:

86400

[E,, 1-at
E,.= " : (3.2)
" (Quy V) 3600

where E,, 1s the voltage applied to MEC (V) and [ is the current (A).

Coulombic efficiency (€c) was calculated as the ratio between the total Coulombs
actually transferred to the anode from the substrate to the anode, and the theoretical

maximum (Liu et al., 2005):

86400

I Idt

&= : 100%, (3.3)
(G, -CoD,, /r,)/M,-Q, e, F

where e, is the number of mol of electrons exchanged per mol of glycerol equivalent

consumed (14 mol mol™), and F is the Faraday constant (96485 C mol™).

Cathodic efficiency (€cw), was calculated as the ratio of hydrogen recovery in the

cathode to maximum possible if all the current is converted to hydrogen:

:(pQHZVa)/(RT)eHZFIOO%’ (34)

86400

J' Idt

0

&
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ex» is the number of mol of electrons exchanged per mol of hydrogen (2 mol mol™).

Energy efficiency (€g), was calculated as the amount of energy recovered as hydrogen

compared to the power input necessary to produce this amount of hydrogen :

:(p'QHz’Va)/(R'T)'AGOrH

86400

£, 29 100%, (3.5)

E,, -1-dt

where AG’ri0 is the Gibbs free energy of hydrogen combustion (equal to water
formation, 4G’r20 =-237 kJ mol ™). Notably, Gibbs free energy of glycerol is not

considered in Eq. (3.5), hence €£ could reach values higher than 100%.

COD removal efficiency (€cop) is defined as the ratio between the effluent and influent

concentrations of glycerol and degradation products expressed in COD equivalents:

G, r,-CoD,,)
Epop = < 100%, (3.6)

in 'rg

where Gj, is the influent glycerol concentration (mg L") and COD,, is the sum of
effluent concentrations of glycerol and all measurable degradation intermediates

expressed in COD equivalents (mg L™).
3.2.4 MEC Design, Instrumentation, and Operation

All experimentation was carried out in a continuous-flow MEC constructed with a
series of polycarbonate plates arranged to form an anodic chamber and a gas collection
chamber as described elsewhere (Tartakovsky et al., 2008; Tartakovsky et al., 2009).
The anodic chamber retained 210 mL of liquid and had a headspace of 40 mL. The gas

collection (cathodic) chamber also had a volume of 250 mL.

Graphite felt, 5 mm thick, measuring 25 x 10 cm (Speer Canada, Kitchener, ON,
Canada) was placed in the anodic chamber filled with liquid. E-TEK gas diffusion
electrode (GDE) with a Pt load of 0.5 mg cm™ (GDE LT 120EW, E-TEK Division,
PEMEAS Fuel Cell Technologies, Somerset, NJ, USA) was used as a cathode. The

cathode was separated from the anode by a piece of porous cellulosic non-woven fabric
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(J-cloth®) with a thickness of 0.5 mm. The MEC was inoculated with 25 mL of heat
treated (20 minutes at 100°C) homogenized anaerobic sludge (Lassonde Inc,

Rougemont, QC, Canada).

A stock solution of carbon source was fed using an infusion pump (model PHD 2000,
Harvard Apparatus, Canada) at a rate of 0-5 mL d”'. 1 mL of trace metals stock solution
and 42 mL of nutrients solution were added to 1 L of the dilution water. The dilution
water was fed at a rate of 750 mL d”' using a peristaltic pump (Cole-Parmer, Chicago,
IL, USA) providing a retention time of 8§ h. Mixing in the anodic chamber was

provided by an external recirculation loop. A recirculation rate of 1.44 L h™' was used.

MEC temperature was maintained at 25°C by means of a thermocouple placed in the
anodic chamber, a temperature controller (Model JCR-33A, Shinko Technos Co. Ltd.
Osaka, Japan) and a 5 cm x 10 cm heating plate located on the anodic chamber side of
the MEC. The pH was maintained at a set-point of 7.0 using a pH probe installed in the
recirculation line, a pH controller (Model PHCN-410, Omega Engineering, Stamford
CT, USA) and a solution of 0.05N NaOH, which was fed into the recirculation line.

MEC performance during hydrogen production from glycerol was evaluated using
several techniques. First, the amount of glycerol fed to the MEC was optimized in
glycerol load tests, where a preset value of applied voltage was maintained while

periodically changing the glycerol load (Table 3.1).

Table 3.1. Influent end effluent composition in glycerol load tests. Unless specified, tests were carried out
at an applied voltage of 1.0 V. COD recovery is calculated by comparing COD equivalents of glycerol fed
to MEC (in g day) with the sum of COD equivalents of all measurable products in the liquid (glycerol,
acetate, propionate, butyrate, propanediol) and gas (hydrogen, methane) phases.

Influent Effluent and off-gas

OLR COD
g L'; d! Glycerol ~ acetate  propionate butyrate glycerol —propanediol —hydrogen recovery

(mg/L) (mg/L) (mg/L) (mg/l) (mgl) (mglL) (mg/day) (%)

5.3 1433.2 281.2 17.5 83.6 7.1 304.0 59 59.3

2.7 743.6 103.0 178.1 52.8 1.8 56.0 12.7 69.8

1.3 397.7 32.8 33.8 38.4 0.0 25.0 9.6 50.8

0.7 209.1 14.7 45.7 17.4 1.7 13.5 8.6 72.9

0.3 106.6 5.0 3.8 0.0 1.9 0.0 5.5 32.6

2.7* 743.6 116.1 176.3 58.4 0.0 59.0 0.0 64.8

* - no applied voltage
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Next, the dependence of hydrogen production on applied voltage was studied in applied
voltage tests, where the load of glycerol was maintained at a constant level while the
voltage was varied (Table 3.2). Each set of operating conditions was maintained for at
least 2 days (6 retention times), except a glycerol load of 5.3 g L, d”', which was
maintained for 7 days. At the end of each test, the hydrogen production rate was

estimated by averaging the measurements obtained during last 8 hours of the test.

Table 3.2. Influent and effluent composition in applied voltage tests. All tests were carried out at a
glycerol load 0of 0.7 g L',dl d'.

Influent Effluent an off-gas
COD
vapp  Glycerol acetate  propionate butyrate glycerol propanediol hydrogen  recovery

V) (mg/l)  (mgh) (mgl) (@mgl) @mgl) (mgl) (mg/day) (%)
1.0 209.1 14.7 45.7 17.4 1.7 13.5 8.6 72.9
0.7 209.1 17.1 8.7 0.0 0 14.2 8.4 38.9
0.5 209.1 13.8 16.3 0.0 0 0.0 6.1 27.9
0.0 209.1 36.0 16.3 0.0 0 11.2 0.0 31.0

3.3 RESULTS

3.3.1 Start-up Procedure

After anodic chamber inoculation with heat-treated anaerobic sludge, the cell was fed
with acetate and operated in electricity production (MFC) mode by exposing the gas-
collection chamber to air. Anode and cathode electrodes were externally connected
through a 400 Q resistor and the potential was continuously measured thus permitting
on-line monitoring of the anode colonization process. Initially, an acetate load of 0.9 g
L," d' was used, then the acetate load was gradually increased to 4.8 g L,”" d” as

shown in Fig. 3.1A.
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Figure 3.1. (A) Acetate load and resulting voltage during the start-up process in MFC mode. MFC was
operated at R, =400 Q and a temperature of 25°C. (B) Polarization and power curves obtained at the end
of the start-up period (day 18).

This startup strategy was aimed at providing a sufficient amount of substrate while
avoiding excessive levels of acetate in the anodic chamber, which could inhibit
microbial activity (i.e. organic overload conditions). The choice of acetate as the initial
carbon source enabled a comparison of MEC performance on acetate and glycerol.
After ten days of operation the potential started to increase steadily and ten days later it
stabilized at 490 mV. An open circuit voltage of 589 mV was measured. At the end of
the start-up process (day 18) a polarization test was conducted by gradually decreasing
the external resistance. Based on the linear section of the polarization plot, an internal

resistance of 17.2 Q was calculated. However, a maximum power of 2.78 mW (11.2
mW L) was obtained at a higher resistance of 40 Q. A sharp drop in MFC
performance was observed below an external resistance of 40 Q as shown in Fig. 3.1B,

likely due to mass transfer limitations of the carbon source and its degradation products

(Aelterman et al., 2006).

Hydrogen production mode was initiated by flushing the gas-collection (cathode)
chamber with pure nitrogen and applying an external voltage of 1V, while continuing to
feed MEC with acetate. Hydrogen production began almost immediately. After 2 days
of operation, a current density of 77 mA (3.08 A m™) was observed corresponding to a

hydrogen production rate of 4.34+0.76 Ly, L d'. After subtracting background current

as described below, a power consumption of 1.71+£0.23 Wh L'y,. Gas-collection
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(cathodic) chamber off-gas consisted of H, (96.6%), N, (0.3 %), and water vapor
(3.1%). Methane was not detected and no gas production was observed in the anodic

chamber. Two days after hydrogen production mode was initiated the carbon source
was changed from acetate to glycerol, which was fed at a rate of 5.3 g L d”'. Changing

the carbon source from acetate to glycerol led to a decrease in hydrogen production

from 4.34+0.76 Ly L' d”' to 0.29£0.03 Ly, L' d'. This drop in hydrogen production

was accompanied by an increase in power consumption (from 1.7+£0.23 to 4.29+0.50

Wh L},) and an accumulation of 1,3 propanediol and other fermentation products.
3.3.2 Glycerol Load Tests

The glycerol load tests were aimed at optimizing the amount of glycerol fed to the
MEC. An initial verification of hydrogen production in the absence of glycerol was
carried out at an applied voltage of 1.0 V. In this test MEC was fed with the solution
containing no glycerol, while all other medium components were retained. No hydrogen
production was detected in this case, even though a background current density of 0.36
A m™ was measured. This background current was attributed to redox processes
associated with salts in the medium. To confirm that the background current is not
related to microbial activity, a second MEC was assembled and operated for 48 h
abiotically, i.e. in the absence of an anodophilic microbial inoculum at the anode. This
MEC was filled with the standard solution of salts and nutrients, except no glycerol was
added. Once again, at an applied voltage of 1.0 V no hydrogen production was detected
but a current density of 0.32-0.36 A m™ was measured. A voltage scan showed that at
0.75 V the background current density decreased to 0.04 A m? and at 0.5 V no
measurable current was detected. Thus, measurements of background current obtained
in the absence of glycerol represent non-biological reactions, such as electrochemical
reactions due to high concentration of salts in the medium. In all subsequent
calculations the measurements at each applied voltage were corrected with respect to

these background measurements.
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Figure 3.2. Dependence of (A) hydrogen production rate, hydrogen yield, specific energy consumption
and (B) hydrogen production efficiency (Coulombic, cathodic, and energy efficiency) on glycerol load.
All tests were carried out at an applied voltage of 1.0 V. Energy efficiency calculation (Eq. 3.5) does not
consider Gibbs free energy of glycerol thus leading to values above 100%.

MEC was operated at several glycerol loads ranging from 0.3 to 5.3 g L, d”. Glycerol
fed to MEC was readily transformed to fermentation products, mainly 1,3-propanediol
and acetate (Table 3.1). At a glycerol load of 5.3 g L d”! high concentrations of all

fermentation products found in the anodic chamber effluent suggested organic overload.
Analysis of hydrogen production rates and hydrogen yields given in Figure 3.2A show
that glycerol overload led to a decrease in the rate of hydrogen production (0.29+0.03
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Ly L', d') with a corresponding hydrogen yield of only 0.49+0.06 moly, mol
'slycerol.

When glycerol load was decreased to 2.7 g L d’! the concentration of metabolites in
the effluent decreased with the exception of propionic acid, which had increased 10
times (Table 3.1). Hydrogen production doubled to 0.6240.04 Ly, L’ d!, while current

remained almost unchanged thus leading to a 50% decrease in specific energy
consumption (Fig. 3.2A). Also, hydrogen yield increased five-fold and Coulombic
efficiency improved from 13% to 34%. At glycerol loads of 1.3 and 0.7 g L™, d
hydrogen production rates were 0.47+0.05 and 0.42+0.07 Ly, L', d”', respectively.
Specific energy consumption values (2.86+0.30 and 2.97+0.42 Wh L'}, respectively)
were similar to those observed at a glycerol load of 2.7 g L', d”' (Fig. 3.2A). A further
decrease in the glycerol load to 0.7 g L', d' improved the Coulombic efficiency as
shown in Fig. 3.2B. Also, hydrogen yield increased from 2.26+0.27 to 5.39+0.90 moly,
mol™ glycerol (Fig. 3.2A).

However, at a much reduced glycerol load of 0.3 g L d”, hydrogen production was

found to decrease and energy consumption went up. Hydrogen yield and Coulombic
efficiency also decreased considerably. At all glycerol loads current density was
between 0.89-0.92 A m™. Notably, Coulombic efficiency was low at high glycerol loads
suggesting the existence of unidentified intermediates of glycerol degradation at high

loads. Glycerol degradation (i.e. mineralization) efficiency was up to 90% at the lowest
glycerol load but remained below 40% at glycerol loads above 1.3 g L’ d’! (Fig. 3.3A)
due to high concentrations of degradation intermediates in the effluent as shown in

Table 3.1. Highest glycerol degradation was achieved at medium applied voltages (Fig.
3.3B).
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3.3.3 Applied Voltage Tests

In order to investigate the effect of the applied voltage on MEC performance, the cell
was operated at three different voltages of 1.0, 0.75, and 0.5 V, and in the fermentation
mode, i.e. when no voltage was applied to MEC. During these tests glycerol load was
always maintained at 0.7 g L, d' to avoid accumulation of glycerol degradation
products. As can be seen from a comparison of hydrogen production rates shown in Fig.
3.4A, between 0.5 and 0.75 V the hydrogen production rate increased with increasing
voltage, however energy consumption per L of produced hydrogen also increased.
Current density changed from 0.64 to 0.72 A m™ when the applied voltage was
increased from 0.5 to 0.75 V. Above 0.75 V the hydrogen production reached a plateau
and the current density only slightly increased to 0.88 A m™. Also, the Coulombic

efficiency improved with increasing voltage (Fig. 3.4B).

Glycerol removal efficiency remained between 69% and 84% at applied voltages of 0.5
and 0.75 V, then it dropped to 44% at 1.0 V (Fig. 3.3B). The main metabolites found in
the effluent were acetate, propionate and 1,3-propanediol. Butyrate only appeared when
the applied voltage was set at 1.0 V. A detailed composition of the anodic chamber
effluent is provided in Table 3.2. When no voltage was applied to MEC thus limiting

activity of anodophilic microorganisms, acetate and butyrate concentration in the
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effluent increased 11% and 9% respectively while concentrations of other metabolites

only varied within +4%.

0.6 7.00
. ——«- — Hydrogen production
= - —® - —Hydrogenyield 600 > &«
o A — A~ - Energy consumption [)) =
) . s o
3 5.00 £ <
< 04 - s =
c u
S - 4.00 3 é
: E %
-g = - 3.00 o 5
S - 2
=02 ~ 200 > §
[ / _ c o
2 S S 3
S - -
§ = w0 £
I /// - :? I'I:'I

0m— | ! 1 0.00

0 0.5 0.75 1
Applied voltage (V)
140
B
120
— —o— — Coulombic efficiency

100 | - - -8- - - Energy efficiency IR R //”
= — - & - — Cathodic eff e <.
S g - i
q’ "~ ,///‘ -+
: 60 - 7 T

. -7 LT
w 40 i /// ~/_{,/
o7 7
20 i ""///// - —
e
0 W i I
0 0.5 0.75 1

Applied voltage (V)

Figure 3.4. Dependence of (A) hydrogen production rate, hydrogen yield, specific energy consumption
and (B) Coulombic, energy and cathodic efficiencies on applied voltage.Results were obtained at a
glycerol load of 0.7 g L', d”'. Energy efficiency calculation (Eq. 3.5) did not include Gibbs free energy of
glycerol.

Both in glycerol load and an applied voltage test, no net gas production was measured
in the anodic chamber. However, headspace analysis showed the appearance of methane
after the first 20 days of MEC operation. During the last week of MEC operation, which
lasted 57 days, methane concentration in the anodic chamber headspace approached

30% and up to 2% of methane was found in the hydrogen stream. Apparently, this
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methane diffused from the anodic chamber where it was produced by methanogenic

microorganisms, which survived the heat treatment procedure.
3.3.4 Electrochemical Performance

The electrochemical performance of the MEC was evaluated by measuring the anode
potential and internal resistance at the end of each test. Results of anode potential

measurements are shown in Fig. 3.5A. The highest anode potentials were observed at

the lowest glycerol load (0.3 g L. d'), while the lowest values were obtained at

glycerol loads of 2.7 and 1.3 g L d”'. Cathode potential, computed as the difference

between the anode potential and applied voltage remained almost constant at all

voltages. It was estimated at -621%+ 77 mV vs. NHE.

Calculation of MEC internal resistances based on the results of the voltage scan tests
shown in Fig. 3.5B yielded values between 18-100 €. Interestingly, the highest internal
resistance was obtained when the glycerol load was low or high, while the lowest values
once again corresponded to glycerol loads of 2.7 and 1.3 g L d, i.e. when hydrogen
production was the highest. Measurements of anodic liquid conductivity showed no
difference between the tests conducted at different glycerol loads and different applied
voltages. The conductivity always remained at 15-16 mS cm™ due to the high ionic

strength of the phosphate buffer.
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Figure 3.5. Electrochemical characterization of MEC showing (A) anode potentials and (B) dependence
of internal resistance on glycerol load.

59



Chapter 3

3.4 DISCUSSION

3.4.1 Hydrogen Formation From Glycerol

Microbially catalyzed production of hydrogen from glycerol is described by the

following reaction :
C3Hg0; + 6H,0 = 3HCO;+ 3H" +7 H,, (3.7)

which indicates a yield of 7 mol hydrogen per mol of glycerol. Accordingly, the anodic

half-reaction of glycerol oxidation is given by:

C3Hg03 + 6H,0 = 3HCOs+ 17H + 14¢” (3.8)
while the cathodic half-reaction of hydrogen formation is:

2H +2¢>H, (3.9)

Calculation of the anode and cathode potentials at pH 7 according to the Nernst
equation (assuming 20 mM of glycerol, 2mM of bicarbonate and a hydrogen partial
pressure of 1 atm) results in values of 425 mV and 414 mV vs NHE (normal
hydrogen electrode), respectively. Since the potential at the anode is lower than the
potential at the cathode, it theoretically suggests that hydrogen production from glycerol
at pH 7 does not require an additional input of energy. In contrast, hydrogen production
from acetate requires an energy input of 104.6 kJ/mol, which corresponds to an applied
voltage of 0.14 V (Rozendal et al., 2006; Liu et al., 2005). However, the experimental
results presented above provide no evidence of direct glycerol oxidation at the anode by
anodophilic microorganisms since hydrogen production was not observed below an
applied voltage of 0.5 V. An energy input of at least 2.17 W h Ly, was required to
achieve hydrogen formation from glycerol, which could be explained by energy losses
due to electrode overpotentials, glycerol consumption by fermentative rather than
anodophilic microorganisms, and production of several metabolites. Indeed, analysis of
the anodic chamber effluent given in Table 3.1 shows the presence of several

fermentation products namely acetate, propionate, butyrate, and 1,3-propanediol. These
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fermentation products, rather than glycerol, were likely used by the anodophilic

microorganisms.

Moreover, it appeared that not all fermentation products were consumed by the
anodophilic microorganisms. Table 3.1 describes fermentation products found in the
anodic chamber effluent at an applied voltage of 1.0 V and when no voltage was applied
to the MEC (fermentation mode). A comparison shows similar concentrations of 1,3-
propanediol, propionate, and butyrate, while acetate concentration is lower when
voltage was applied. It can be hypothesized that acetate was the preferred carbon source
for anodophilic microorganisms. Nevertheless, consumption of other fermentation
products cannot be excluded without further investigation. Also, material balance
calculations showed COD recovery in a range of 50% - 70% (Table 3.1), which
suggests that not all metabolites of glycerol fermentation (i.e. succinic acid, 1,2-
propanediol, isopropanol-amine (Murarka et al., 2008)) were accounted for by the

analytical procedures used in this study.

Electrode overpotentials also contributed to the relatively high energy consumption

observed throughout the experiments. Anode potentials measured during the voltage

scans (Fig. 3.5A) were between -193.8 mV vs. NHE (glycerol load = 2.7 g L] d';

applied voltage = 0.4 V) and 697 mV vs. NHE (glycerol load = 0.0 g L d'; applied

voltage=1.2 V), which corresponded to anode overpotentials between 222 and 996 mV,
respectively. High anode overpotential at 1.2 V might explain the high power
requirement at this voltage. As a result energy efficiency declined at applied voltages

above 0.5 V (Fig. 3.4B).
3.4.2 Glycerol Load and Applied Voltage Optimization

MEC operation at different glycerol loads clearly demonstrated the importance of this
operational parameter in optimizing process performance. When glycerol loads were
low, the concentration of degradation intermediates detected in the anodic chamber
effluent was insignificant indicating a high glycerol removal efficiency. However, a

comparison of Figs. 3.2A and 3.3A shows that the volumetric rate of hydrogen

production was low. By increasing the glycerol load to 2.7 g L d"' the hydrogen
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production increased, but the concentrations of fermentative products, in particular 1,3-

propanediol, also increased and glycerol removal efficiency declined. Further increase
in the glycerol load to 5.3 g L} d”' led to a sharp decrease in hydrogen production,
coinciding with an increase in specific energy consumption (Fig. 3.2A). Also, a glycerol
load of 2.7 g L! d”! corresponded to the lowest specific energy consumption, which was
estimated at 2.17 Wh Ly, Hydrogen yield and Coulombic efficiency exhibited a

similar trend, but the best values were obtained at a lower glycerol load of 0.7 gL d'.

Interestingly, MEC internal resistance was found to be dependent on the glycerol load

such that the lowest internal resistance was measured at 2.7 g L' d' (Fig. 3.5B). This

glycerol load also corresponded to the lowest anode overpotential (Fig. 3.5A)
suggesting a link between the activity of anodophilic microorganisms and the

electrochemical properties of the MEC. Overall, the MEC performance was considered

most efficient at a glycerol load of 2.7 g L, d”!, but this value might be dependent on

MEC design, microbial populations, influent composition, and other factors. A feedback
control system that adjusts glycerol load in response to varying operational conditions
can be used to maximize MEC performance and should be considered for future

research.

In addition to the formation of 1,3-propanediol at the anode, the possibility of 1,3-
propanediol production by electrochemical reduction of glycerol at the cathode was

hypothesized. However, 1,3-propanediol concentrations in MEC effluent were similar
when no voltage was applied and at 1.0 V (Table 1, a glycerol load of 2.7 g L d™.

Also, no 1,3-propanediol formation was observed in the abiotic control MEC fed with
glycerol and operated at 1.0 V. Thus, 1,3-propanediol was produced from glycerol by
fermentative microorganisms rather than electrochemically, which is in agreement with
the reductive pathway of glycerol biotransformation by anaerobic microorganisms,
which has been reported to result in 1,3-propanediol formation at high glycerol loads
(Barbirato et al., 1996). This might explain the 6-fold increase of 1,3-propanediol

observed in the experiment when the glycerol load was increased (Table 3.1).
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The results of MEC operation at several voltages with a constant glycerol load of 0.7 g

L d"!' demonstrated the highest energy efficiency at 0.5 V (Fig. 3.4). Glycerol removal

efficiency significantly declined when applying voltages above 0.75 V (Fig. 3.3B).
Nevertheless, since the hydrogen production rate and yield were highest at an applied
voltage of 1 V, MEC operation at 0.75 V can be suggested as a compromise between

energy efficiency and volumetric performance objectives.

3.5 CONCLUSION

Results of this study demonstrated the feasibility of hydrogen production by microbially
catalyzed electrolysis of glycerol. Microbial electrolysis of glycerol resolves the
thermodynamic limitations associated with dark fermentation thus resulting in almost
complete conversion of organic matter to hydrogen (Rozendal et al., 2006; Liu et al.,
2005). The rate of hydrogen production from glycerol observed in a MEC was
comparable to that observed in the glycerol fermentation process (Liu and Fang, 2007).
However, the hydrogen yield was significantly higher and reached 5.39 mol H, mol
'slycerol as opposed to yields below 1 mol H, mol™ glycerol reported in the literature
(Liu and Fang, 2007; Fabiano and Perego, 2002). Although relatively high power inputs
(2-3 Wh LH,") were required when using glycerol, these values were always below a
minimum of 5 Wh LH,"' required for hydrogen production by water electrolysis (Liu et
al., 2005). Power inputs below 1 Wh LH," might be expected if anode overpotential
could be decreased, i.e. through improved electrode materials (Tartakovsky et al.,
2008). Also, a decreased power consumption and an improved volumetric hydrogen
production rate can be expected if operating conditions are further optimized or an

acidification step is added to ensure glycerol conversion to volatile fatty acids. Notably,

a volumetric rate of up to 6 L L] d”! was observed in the acetate-fed MEC (Tartakovsky

et al., 2009) while a power consumption as low as 0.6 Wh Ly, was observed at low
applied voltages (Liu et al.,, 2005). Furthermore, selection of anodophilic
microorganisms capable of direct glycerol utilization might also improve MEC

volumetric performance and further decrease the required power input.
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Hydrogen Production and COD Elimination rates in a

Continuous Microbial Electrolysis Cell (MEC): the Influence of

Hydraulic Retention Time and Applied Voltage

Abstract. The influence of applied voltage (Vapp) and hydraulic retention time (HRT)
on hydrogen and methane production, and on the removal rate for chemical oxygen
demand (COD) was studied in a membrane-less microbial electrolysis cell (MEC) with
a Ni-based cathode. When synthetic effluent from a dark fermentation process was fed
continuously to the anodic chamber, an increase in both applied voltage (Vapp) (from
0.6V to 1.0V) and hydraulic retention time (HRT) (from 8 to 12 hours) increased the
hydrogen production rate from 0.18 to 1.42L L™ d™' (litres per litre of anode per day)
and the COD elimination rate from 46% to 94%. The influence of Vapp and HRT on
hydrogen production and COD removal rate was found to be interdependent. Whilst
acetic and butyric acids were easily degraded, propionic acid showed a pseudo-

recalcitrant behaviour.
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4.1 INTRODUCTION

The activated sludge process, which is the most widely used biological wastewater
treatment for both domestic and industrial plants in the world, is a process demanding
large amounts of energy: the removal of 1 kg of organic matter requires about 1 kWh of
electrical energy for wastewater aeration (Rabaey et al., 2005). Another serious
challenge of conventional activated sludge processes is the excess of sludge production,
which treatment and disposal may account for even up to 60 % of the total cost of a
wastewater treatment plant (Davis and Hall, 1997). These large energy and capital
requirements highlight the importance of investigating new methods and technologies,
in order to reduce operational and investment costs. One possible way of achieving this
cost and energy reduction might be to harvest electricity from organic wastes through a

microbial fuel cell (MFC).

A MFC for wastewater treatment is an engineered system that produces electricity from
the anaerobic oxidation of biodegradable organic matter, which turns it into an attractive
source of energy as the oxidation of organic matter merely releases fixed carbon back
into the atmosphere. By adding power to the MFC, hydrogen is produced at the cathode,
and in this case the system is referred to as a microbial electrolysis cell (MEC) (Logan,
2008). MEC is often also presented as a second stage technological process to convert
into hydrogen the by-products of dark fermentation, which is characterized by its low
efficiency and low hydrogen yield (Gémez et al., 2011). Both, MFCs and MECs have
been grouped together as Bioelectrochemical Systems (BES) (Rabaey et al., 2007).

BES technology dates back to the time when Potter (Potter, 1911) demonstrated bio-
electricity generation from biomass using bacteria. Few practical advances were
achieved in this field until 1999, when Kim and co-workers (Kim et al., 1999)
demonstrated that exocellular electron transfer was possible without soluble mediators.
Since then, MFC performance has been investigated as a function of several operational
parameters, (including temperature, pH, electrode potential, organic loading rate (OLR),
electrolyte, oxygen exposure, and many others (Kim et al., 1999; Martin et al., 2010;
Liu et al., 2005a; Srikanth et al., 2010; Gil et al., 2003; Manohar and Mansfeld, 2009)).
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Much less attention has been paid to the influence of operational conditions on the
performance of bio-electrochemical reactors when they are operated in hydrogen
production mode, (i.e. as a MEC). The present work is aimed at filling this gap in the
investigation of the influence of operational conditions on the performance of MEC by
examining the combined effect of hydraulic retention time (HRT) and applied voltage
(Vapp) on hydrogen and methane production, and COD removal rate in a continuous
membrane-less MEC reactor fed with a synthetic dark fermentation effluent.
Surprisingly, few pieces of work have reported the effect of these parameters on the
performance of an MEC when it is operated in continuous mode (Lee and Rittmann,
2010; Tartakovsky et al., 2009), although it is clear that HRT and V,,, must have a great
influence over operational and investment costs and also energy requirements. In
general, higher HRTs and V,,,s will lead to greater investment and operating costs
respectively. The research being reported here thus examined whether it is efficient to
modify HTR and Vapp at a given stage in operation, and would, if so, determine the
gain in hydrogen production and COD removal and the reduction in methane

generation.

4.2 MATERIALS AND METHODS

4.2.1 Composition of Media

The synthetic dark fermentation effluent was prepared according to (Rozendal et al.,
2006). It incorporated the following salts, in grams per litre (g L™): KC1 (2.22), KH,PO,
(0.61), K,HPO4 (0.96), NH4C1 (0.28), MgSO4-7H,0 (0.01), CaCl,-2H,0O (0.01), yeast
extract (0.1) and 1mL of trace element mixture which contained (in mg L") FeCL14H,0
(2000), H3BOs (50), ZnCl;, (50), CuCl, (30), MnCl,4H,0 (500), (NH4)sM070244H,0
(50),Al1Cl; (50), CoCl,6H,0 (50), NiCl, (50), EDTA (500), and HCI1 (ImL).

Acetate, propionate and butyrate were included as the main carbon source in the influent
to the reactor. They were continuously fed into the anodic chamber in a concentration
of: acetate (0.8 to 1.2 g L"), propionate (0.6 to 0.8 g L"), and butyrate (0.2 to 0.4 g L),
which was varied to provide a constant organic loading rate (OLR) of 6.4 g COD Ly d
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! (grams of chemical oxygen demand per litre of anode per day) for all the HRTS tested.
The carbon source composition and concentration was inspired by the VFA distribution
found in the effluent of a dark fermentation process (Cuetos et al., 2007). However,
since it is widely known that biological degradability of propionic acid is not
straightforward, the concentration of this VFA was increased to assess its

biodegradability when fed to a MEC.

The chemicals and reagents used were of analytical grade and distilled water was used

for preparing the solution.
4.2.2 MEC Design, Instrumentation and Operation

All tests were conducted in duplicate, and carried out in a continuous-flow MEC
constructed with a series of polycarbonate plates arranged to form an anodic chamber
and a gas collection chamber, as described elsewhere (Tartakovsky et al., 2008). The
anodic chamber held 210 mL of liquid and had a headspace of 40mL. The gas collection

(cathodic) chamber also had a volume of 250 mL.

A 5Smm-thick graphite felt measuring 25 cm by 10 cm (SIGRATHERM soft felt GDF 2)
was placed in the anodic chamber filled with liquid. A Ni-based gas diffusion electrode
(GDE) with a Ni load of 0.4 milligrams per square centimetre (mg cm™) was used as a
cathode, and was prepared as described by Hrapovic et al. (2010). The cathode was
separated from the anode by a piece of porous cellulosic non-woven fabric (J-cloth®)
with a thickness of 0.7 mm. The MEC was inoculated with 25mL of homogenized
anaerobic sludge obtained from the wastewater treatment plant of the city of Leon in

Spain).

The MEC temperature was maintained at 25 °C by means of a thermocouple placed in
the anodic chamber, a temperature controller (National Instruments PCI-6221) and a 10
cm by 10 cm heating plate located on the anodic chamber side of the MEC. The value
for pH was maintained at a set-point of 7.0 using a pH probe installed in the
recirculation line, a pH controller (EUTEC-PH-200) and a solution of 0.05 N NaOH,
which was fed to the recirculation line. A 16 Q resistor was added to the circuit for

current measurements on-line at sixty-second intervals using a data acquisition system
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(National Instruments PCI-6221). An adjustable DC power supply (BK PRECISION

9120) was used to maintain voltage at the preset point.
4.2.3 Analytical Measurements and Calculations

Gas production was measured on line by means of bubble counters connected to glass
U-tubes and interfaced with a data acquisition system (National Instruments PCI-6221).
Anodic and cathodic off-gas composition was analysed using a gas chromatograph
(Varian CP 3800 GC) equipped with a thermal conductivity detector. A four-metre-long
column packed with HayeSep Q 80/100 followed by a one-metre-long molecular sieve
column were used to separate methane (CH4), carbon dioxide (CO2), nitrogen (N2),
hydrogen (H2) and oxygen (O2). The carrier gas was argon and the columns were
operated at 331 kPa and a temperature of 50 °C. Volatile fatty acids (VFAs) were
analysed using a gas chromatograph (Varian CP 3800 GC) equipped with a capillary
column (from Supelco) and a flame ionization detector. The carrier gas was helium and
the temperature of the injector was 250 °C. The temperature of the oven was set at

150°C for three minutes and thereafter increased to 180 °C.

MEC performance was evaluated in terms of hydrogen production rate, COD removal
efficiency, specific energy consumption (the amount of electrical energy required to
remove lg of COD), energy efficiency (the amount of energy contained in hydrogen
compared to the amount of electrical energy fed to the MEC reactor), as well as in terms
of cathodic conversion efficiency (the fraction of electrical current actually converted to
hydrogen) and Coulombic efficiency (the amount of electrons present in the substrate
that are actually converted into electrical current). A detailed explanation of the
calculation methods for these parameters can be found in elsewhere (Escapa et al.,

2009).
4.2.4 Start-up Procedure

After anodic chamber inoculation with non-acclimated anaerobic sludge (obtained from
a three-litre laboratory-scale reactor digesting the organic fraction of municipal solid
wastes), the cell was fed with a mixture of VFAs comprising 50 %, 35 % and 15 %

(m/m) of acetic, propionic and butyric acids respectively and operated in hydrogen
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production mode (MEC) by flushing the gas-collection (cathode) chamber with pure
nitrogen and applying an external voltage of 1.0 V. The VFA load was gradually
increased from 0.8 to 6.4 g Ly d”', in order to avoid organic overload while providing a
sufficient amount of substrate. After 24 days of continuous operation the current density
started to increase and four days later it stabilized at 206 mA L', corresponding to a
hydrogen production of 0.95 L L, d'. Gas-collection (cathodic) chamber off-gas
consisted of H, (84 %), and CHy4 (16 %).

Before the experimental section (in the strict sense) started a period of 46 days was
included to allow the microbial communities to stabilize and adapt to the substrate.
Both HRT and V,,, were randomly selected to minimize the effect of microbial

adaptation on MEC performance (Tartakovsky et al., 2008).

4.3 RESULTS AND DISCUSSION

4.3.1 Gas Production Results
Cathodic Off-Gas Production

Hydrogen production (Figure 4.1) followed an almost linear growth trend with
increasing HRT at all Vs tested, showing that an increment in the HRT at high
applied voltages is more effective (in terms of hydrogen production rates) than the same
increment when V,,, was set at 0.8 or 0.6 V (i.e.: hydrogen production seems to be
more sensitive to HTR at higher V,,ps). Trend lines in Figure 4.1 show that a one-hour
increase in the HRT when Vg, = 1.0 V, boosts hydrogen production by 0.11 L Lyt dl,
while the same increase in HRT improves hydrogen production only by 0.04 L and 0.03
L LA'1 d!at Vapps 0£ 0.8 V and 0.6 V respectively.

Similarly, an analysis of the influence of V,,, on the hydrogen production rate while
HRT was kept constant revealed that increasing the Vg, with a higher HRT is more
effective than doing so with a lower HRT (Figure 4.1). In fact, an increase of 0.1V with
HRT = 12 h led to a boost of 0.30 L L, d in hydrogen production, while the same
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increase in Vg, at HRTs of 10 h and 8 h increased hydrogen production by 0.26 and
020 L Ly d”' respectively.
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Figure 4.1. Cathodic off-gas production as a function of HRT

No or negligible amounts of hydrogen were measured when applied potential was set

below 0.5 V regardless of the HRT imposed.

The impact of V.5, and HRT on hydrogen production was further investigated by
computing the cathodic conversion efficiency (CCE) and the energy efficiency (EE)
(Table 4.1). CCE did not seem to be affected by HRT and only V,,, showed any clear
influence upon it. Similar results were obtained in a previous work, in which an increase

in Vypp also resulted in a steady growth in CCEs (Escapa et al., 2009).

Likewise, EE did not seem to be affected by HRT in any clear way (Table 4.1), and it
was only when voltages below 1.0 V were applied that EE rose above 100 %. Cheng
and Logan (2007) also found a rapid drop in EE as V,,, was increased (from ~700 % at
0.2 V to ~200 % at 0.8 V) using acetate as the only carbon source. Thus, the positive
effects of voltage increases on the hydrogen production rate and on CCE were

counteracted by a drop in EE.
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Table 4.1. Coulombic efficiency (CE), cathodic conversion cfficiency (CCE) and energy efficiency (EE)
with the various different ILevels of HRT and Vapp used.

HRT (h)  Voltage (V) CE (%) CCE (%) EE (%)
8 0.6 7.8 55.7 131.3
0.8 18.7 60.8 107.6
1.0 233 66.7 943
10 0.6 10.9 55.1 129.9
0.8 14.5 60.4 106.8
1.0 23.2 68.0 96.2
12 0.6 6.9 53.8 127.0
0.8 16.1 60.2 106.4
1.0 245 68.6 97.0

Methane concentration in the cathodic off-gas ranged from 4 % to 27 %, and its origin
is still not clear. Evidence has been provided that this methane is not produced on the
cathode, being likely to be an outcome of the growth of micro-organisms on the anode
(Wang et al., 2009). However, Lee et al. (2009) have reported the presence of Hj-
oxidizing Methanobacteriales in the anode and cathode biofilms, which suggests that
hydrogen might be converted to methane as soon as it is produced on the cathodic
surface. Contrary to what occurred with hydrogen production, no clear dependency of
cathodic methane production either on HRT or on V,,, was observed (results not
shown). Similar results were obtained in one study (Tartakovsky et al., 2009) carried
out in a MEC operated in continuous mode, where a methane concentration below 2.1
% was detected in the gas collection chamber, with no clear connection between

cathodic methane production and Vpp,.
Anodic Off-Gas Production

Only methane and carbon dioxide were detected in the anodic off-gas produced
(methane concentration always being in the range 80 % to 96 %). If compared with the
total gas produced in the reactor (anodic and cathodic), methane could account for 87 %
(v/v) in the most unfavourable conditions and 45 % when V,,, and HRT were set at 1 V

and 8 h respectively, resulting in an average methane proportion of 66 %.

A brief analysis of the slope of trend-lines represented in Figure 4.2, revealed that
methane production rate seemed to be slightly more sensitive to HRT variations at low
Vapps, suggesting that in order to reduce methane production, a one hour decrease in the

HRT is more efficient at high Vapp.
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Figure 4.2. Anodic methane production as a function of HRT and Vapp (insert).

Similarly, variations in Vg, while HRT was kept constant (Figure 4.2 insert), revealed
that in order to reduce the methane production rate, an increase in the Vp, with higher
HRTs is slightly more effective than the same increase with lower HRTs. These results
are in accord with other studies (Tartakovsky et al., 2008), where an increase in Vi,
from 0.70 V to 0.96 V resulted in a decrease of 25 % in the methane production.
Moreover, the increase in methane production when low Vs were employed might be
explained by the fact that smaller V,,,s decreased the anode potential, which can
influence the competition between anode respiring bacteria (ARB) and methanogens by
lowering the energy gain for ARB (Finkelstein et al., 2006) (i.e.: lower applied
potentials may favour substrate intake by other microorganims to the detriment of

ARB).
4.3.2 Rate of VFA Degradation and Removal of COD

Figure 4.3 shows the influent and effluent compositions with the various levels for Vo,
and HRT tested. It must be kept in mind that OLR was kept constant, so the influent

concentration was dependent on the HRT.
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Figure 4.3 Influent (Cin) and effluent (Cout) composition with the various different V,,,s (in brackets)
and HTRs Tested. A) HRT = 8h, B) HRT = 10 h and C) HRT =12 h.

When HRT was set at 8 h (Figure 4.3A) a relatively low level of VFA degradation was

achieved. Although the proportion of acetate in the effluent was reduced to roughly 10

% of that in the influent at all values of V,p,, propionate and butyrate underwent no such

significant conversion, particularly at low V,p, values. Liu et al. (2005b) proved that the

electron transfer rate for an acetate-fed anode is much higher than that of a butyrate-fed

one, which may explain this limited consumption rate of butyrate compared to acetate at

HRT=8 h.
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However, when HRT was set at 10 h (Figure 4.3B), acetate and butyrate were rapidly
removed at all applied voltages (their presence in the effluent was always below 10 %
of that in the influent). The conversion rate for propionic acid increased in comparison
with that at 8 h, but it was still relatively low (compared with acetate and butyrate). This
low conversion rate for propionate might be related to the fact that formate is not
directly used by ARB (instead it is readily used by acetogens to produce acetate (Ha et
al., 2008)).

With a retention time of 12 h (Figure 4.3C), acetate and butyrate disappeared almost
completely, although at low and medium Vs (0.8V and 0.6V), a small fraction of
these VFAs still remained in the effluent. Again, propionate proved to be more difficult

to degrade.

Throughout the tests, COD removal rate (Figure 4.4) was proportional to V. An
analysis of the trend lines revealed that a 0.1V increment in the V,,, when HRT was set
at 8 h, was followed by a 6 % boost in the COD removal rate. The same increase in Vi,
led to improvements in COD removal rates of 4.2 % and 2.5 % at HRTs of 10 h and 12
h respectively. This COD removal dependence on applied voltage confirms that the
VFAs were consumed by anodophilic micro-organisms (Tartakovsky et al., 2009),
although the relatively high production of methane discussed in section 4.3.1 leads to
the conclusion that some part of the COD fed to the reactor was removed by other

microorganisms, and not only by the ARB.

Coulombic efficiency (CE) was found to lie in a range between 6.9 % and 24.5 %
(Table 4.1), showing a clear dependence on Vg, (a 0.1 V increment in the applied
voltage boosted CE by 3.8% at all HRTs). Nonetheless, when compared with other
studies where acetate was used as the only carbon source (Tartakovsky et al., 2009; Liu
et al., 2005¢), these are indeed relatively low CE values. One possible explanation for
this discrepancy can be attributed to the low conversion of propionate into current, and

the competition between ARB and other microorganisms for substrate.
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Figure 4.4. COD removal rate as a function of Vapp with the various different HRTs used. (Variation
across duplicates is not shown.)

Material Balance

Although the existence of a mixed microbial community should be accounted for in the
MEC material balance, a simplified COD recovery calculation (CODy. [%]) was written

as follows:

COD,, +COD,, +COD,,
CoD,

in

CODre C =

4.1)

where COD,,; and CODj, are the influent and effluent COD flows in g COD per litre of
affluent per day (L,' d) respectively; CODy, and CODcpy are the hydrogen and
methane COD equivalent flows (in g COD L, d). Effluent COD was calculated from
its VFA composition, assuming COD equivalences of 1.06 g, 1.51 g and 1.81 g of COD
per g of VFAs for acetate, propionate and butyrate, respectively. The presence of
biomass and other metabolites (soluble microbial products) in the effluent were not
accounted for in the balance. Methane and hydrogen COD equivalence were calculated

using yields of Ycps = 0.35L g'1 and Y= 1.49L g'lz

CODH2 /CH, — ?/Hz/cm 4.2)

H,/CH,
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COD recovery correlated strongly with Vp,, as it decreased from 84 % at 0.6 V to 71 %
at 1.0 V, revealing the existence of a relatively large gap in COD recovery (29%) at
high V,,ps. This result might be partially explained by the gain in the availability of free
energy for ARB to grow, that arises from the increase of the anodic overpotential when
high V,,, are imposed (it is well known that the more positive the redox potential of a
terminal electron acceptor (or electrode) for a given substrate or electron donor is, the

higher is the energy gain for an organism).

Even though biomass yields have not yet been thoroughly investigated for bio-
electrochemical reactors, a range of yields of 0.070g to 0.304g COD-biomass g COD-
substrate have been reported (Rabaey et al., 2003) (a more recent study (Freguia et al.,
2007) indicated values of biomass yield of 0.24 and 0.31g COD-biomass g' COD-
substrate). In addition typical values of biomass yield in the wastewater field for
anaerobic growth are around 0.040 g COD-biomass g' COD-substrate (Rabaey and
Verstraete, 2005). Given that not only electrogenic micro-organisms are present in the
anodic chamber of the reactor, a yield of biomass between 0.040 g and 0.304 g COD-
biomass g’ COD-substrate might be expected, which is in good agreement with the
biomass production attributed in this work (0.16 to 0.29 g COD-biomass g' COD-
substrate) (i.e., the gap in COD recovery). However this analysis does not take into
account the presence of soluble microbial products in the effluent which may reach 11
% of CODj, (Lee and Rittmann, 2010), so biomass yield may be even lower than the

values hypothesized above.
4.3.3 Reactor Performance. General Remarks

Although the hydrogen production rates reported in section 4.3.1 are analogous to, or
even higher than, the values reported in the literature (Table 4.2), still a large proportion

of the VFAs fed to the reactor were converted into methane rather than hydrogen.

A body of literature has reported that most of methane produced in a MEC reactor may
be attributed to hydrogenothrophic micro-organisms (Lee and Rittmann, 2010; Wang et
al., 2009; Lee et al., 2009) (direct CO, reduction to methane has being ruled out because
of the limited kinetics of methane evolution on a Ni-based electrode (Hori, 2010)).

Thus, if hydrogenotrophic activity could be suppressed and all the measured current
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were captured as hydrogen, production rates could reach 2.07 L L, d™', representing 77
% v./v. of the total gas produced in the reactor, which would also bring a significant
improvement in energy efficiency (from 151 % to 235 %). Hence, there is no doubt that
methanogenic activity is an issue that must be carefully addressed in order to increase
MEC performance; yet, none of the several various approaches that have already been
proposed up to now (Lee and Rittmann, 2010; Lee et al., 2009; Chae et al., 2010; Call
and Logan, 2008; Rozendal et al., 2008)) can satisfactorily suppress hydrogenotrophic

activity.

Table 4.2. Hydrogen recoveries obtained in MEC studies.

Operation Substrate Vapp H2 production rate EE Reference
mode (\%) (LL,'dh (%)
Batch Urban WW 0.58 0.01 122 Ditzig et al.,
2007
Batch Acetate 0.50 0.02 157 Rozendal et
al., 2006
Batch Acetate 0.45 0.37 300 Liu et al.,
2005¢
Continuous Glycerol 1.00 0.62 120 Escapa et al.,
2009
Batch Acetate 0.60 1.10 230 Cheng and
Logan, 2007
Continuous Mixture of VFAs 1.00 1.42 97 This study
Batch Acetate 0.80 3.12 176 Call and
Logan, 2008
Continuous Acetate 1.00 5.22 142 Hrapovic et
al., 2010
Continuous Acetate 1.00 6.32 166  Tartakovsky et
al., 2009
Batch Acetate 1.00 17.8 115 Parkin and
Owen, 1986

In addition to this, apparent energy consumption per kilogram of COD removed (Figure
4.5) was found to be as low as 0.11 kWh kg COD (kilowatt-hours per kilogram of
COD), whilst the highest energy consumption reached 0.84 kWh kg™ COD, exhibiting a
strong linear dependence with applied voltage (a rise of 0.1V in the applied voltage led
to an increase of 0.14 kWh kg™ COD to 0.18 kWh kg COD in the amount of electrical
energy consumed). However, the lower value of energy consumption (0.11 kWh kg™
COD) is well below the threshold of energy consumption required for the hydrogen
evolution reaction to occur in a MEC (0.47 kWh kg COD assuming Vapp=0.11 V).

This discrepancy is mainly attributed to substrate removal by microorganisms other than
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ARB which makes difficult to compute the real value of energy consumption.
Nevertheless it can be estimated an energy consumption in the range between 2.01 to
3.35 kWh kg COD by assuming CE=100 % (i.e. assuming that the measured current
corresponds to the actual DQO removed by ARB).
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Figure 4.5. Energy consumption per unit of COD removed as a function of Vapp with the various
different HRTs used. (Variation across duplicates is not shown.)

There is still another major point that deserves consideration. The influent was fed into
the reactor under very favourable conditions: well-balanced nutrients, easily degradable
substrate (although propionate developed a pseudo-recalcitrant behaviour), mesophilic
conditions (T = 25 °C) and high conductivity (13.6 mS cm™). Even though real
effluents from dark fermentation processes usually contain substantial amounts of VFAs
in their composition (Cuetos et al., 2007), it is not realistic to expect such conditions as
those above described. Hence, although COD elimination rates higher than 80 % were
achieved at HRTs of 10 h and 12 h and Vg,,s of 0.8 V and 1.0 V, with reasonable

energy consumption rates, real substrates may require different operational conditions.
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4.4 CONCLUSSIONS

Hydrogen production is more sensitive to HRT changes when the Vg, is high.
Similarly, in order to increase hydrogen and reduce methane production rates, an
increase in Vg, proved to be more effective with longer HRTs. Increases in HRT and
Vapp led to greater COD removal rates, but it was only at Vs higher than 0.8 V and
with HRTs longer than 10 h that COD removal rates above 80 % were attained.
Although acetate and butyrate proved to be easily degradable, propionate showed a
pseudo-recalcitrant behaviour throughout the tests performed. Even though HRT
apparently did not seem to have any clear influence on the performance parameters (CE,
CCE and EE), an increase in V,p, had a positive effect on CE and CCE, while affecting
EE negatively.

Acknowledgements

Funding for this study was provided by Isolux-Corsan, S.A. and the Spanish Ministry of
Science and Innovation (Project Number: ENE2009-10395).

4.5 REFERENCES

Call, D.F., Logan, B.E., 2008. Hydrogen Production in a Single Chamber Microbial
Electrolysis Cell Lacking a Membrane, Environ. Sci. Technol. 42, 3401-3406.

Chae, K., Choi, M., Kim, K., Ajayi, F.F., Chang, L.S., Kim, L.S., 2010. Selective
inhibition of methanogens for the improvement of biohydrogen production in microbial

electrolysis cells, Int J Hydrogen Energy. 35, 13379-13386.

Cheng, S., Logan, B.E., 2007. Sustainable and efficient biohydrogen production via
electrohydrogenesis, Proceedings of the National Academy of Sciences. 104, 18871-
18873.

83



Chapter 4

Cuetos, M.J., Gomez, X., Escapa, A., Moréan, A., 2007. Evaluation and simultaneous
optimization of bio-hydrogen production using 32 factorial design and the desirability

function, J. Power Sources. 169, 131-139.

Davis, R.D., Hall, J.E., 1997. Production, treatment and disposal of wastewater sludge
in Europe from a UK perspective, European Water Pollution Control. 7, 9-17.

Ditzig, J., Liu, H., Logan, B.E., 2007. Production of hydrogen from domestic
wastewater using a bioelectrochemically assisted microbial reactor (BEAMR), Int J

Hydrogen Energy. 32, 2296-2304.

Escapa, A., Manuel, M.F., Moran, A., Gomez, X., Guiot, S.R., Tartakovsky, B., 2009.
Hydrogen Production from Glycerol in a Membraneless Microbial Electrolysis Cell,

Energ. Fuel. 23, 4612-4618.

Finkelstein, D.A., Tender, L.M., Zeikus, J.G., 2006. Effect of Electrode Potential on
Electrode-Reducing Microbiota, Environ. Sci. Technol. 40, 6990-6995.

Freguia, S., Rabaey, K., Yuan, Z., Keller, J., 2007. Electron and Carbon Balances in
Microbial Fuel Cells Reveal Temporary Bacterial Storage Behavior During Electricity

Generation, Environ. Sci. Technol. 41, 2915-2921.

Gil, G., Chang, L.S., Kim, B.H., Kim, M., Jang, J.K., Park, H.S., Kim, H.J., 2003.
Operational parameters affecting the performannce of a mediator-less microbial fuel

cell, Biosensors and Bioelectronics. 18, 327-334.

Gomez, X., Fernandez, C., Fierro, J., Sanchez, M.E., Escapa, A., Moran, A., 2011.
Hydrogen production: Two stage processes for waste degradation, Bioresour. Technol.

102, 8621-8627.

Ha, P.T., Tae, B., Chang, 1.S., 2008. Performance and Bacterial Consortium of
Microbial Fuel Cell Fed with Formatet, Energy Fuels. 22, 164-168.

Hori, Y., 2010. CO2-reduction, catalyzed by metal electrodes, Anonymous Handbook
of Fuel Cells. John Wiley & Sons, Ltd, .

84



Chapter 4

Hrapovic, S., Manuel, M.F., Luong, J.H.T., Guiot, S.R., Tartakovsky, B., 2010.
Electrodeposition of nickel particles on a gas diffusion cathode for hydrogen production

in a microbial electrolysis cell, Int. J. Hydrogen Energy. 35, 7313-7320.

Kim, B.H., Kim, H.J., Hyun, M.S., Park, D.H., 1999. Direct electrode reaction of Fe
(IIT) reducing bacterium, Shewanella putrefacience, J. Microbiol. Biotechnol. 9, 127-
131.

Lee, H., Rittmann, B.E., 2010. Significance of Biological Hydrogen Oxidation in a
Continuous Single-Chamber Microbial Electrolysis Cell, Environ. Sci. Technol. 44,
948-954.

Lee, H., Torres, C.1., Parameswaran, P., Rittmann, B.E., 2009. Fate of H2 in an Upflow
Single-Chamber Microbial Electrolysis Cell Using a Metal-Catalyst-Free Cathode,
Environ. Sci. Technol. 43, 7971-7976.

Liu, H., Cheng, S., Logan, B.E., 2005a. Power Generation in Fed-Batch Microbial Fuel
Cells as a Function of Ionic Strength, Temperature, and Reactor Configuration, Environ.

Sci. Technol. 39, 5488-5493.

Liu, H., Cheng, S., Logan, B.E., 2005b. Production of Electricity from Acetate or
Butyrate Using a Single-Chamber Microbial Fuel Cell, Environ. Sci. Technol. 39, 658-
662.

Liu, H., Grot, S., Logan, B.E., 2005c. Electrochemically Assisted Microbial Production
of Hydrogen from Acetate, Environ. Sci. Technol. 39, 4317-4320.

Logan, B.E., 2008. Microbial fuel cells. Wiley, New Jersey.

Manohar, A.K., Mansfeld, F., 2009. The internal resistance of a microbial fuel cell and
its dependence on cell design and operating conditions, Electrochim. Acta. 54, 1664-

1670.

Martin, E., Savadogo, O., Guiot, S.R., Tartakovsky, B., 2010. The influence of
operational conditions on the performance of a microbial fuel cell seeded with

mesophilic anaerobic sludge, Biochem. Eng. J. 51, 132-139.

85



Chapter 4

Parkin, G.F., Owen, W.F., 1986. Fundamentals of Anaerobic Digestion of Wastewater
Sludges, J. Environ. Eng. 112, 867-920.

Potter, M.C., 1911. Electrical Effects Accompanying the Decomposition of Organic
Compounds, Proceedings of the Royal Society of London. Series B, Containing Papers

of a Biological Character. 84, 260-276.

Rabaey, K., Lissens, G., Verstraecte, W., 2005. Microbial fuel cells: performances and
perspectives, Lens, N., Westermann, P., Haberbauer, M., A. Moreno (Eds.), Biofuels for

fuel cells: biomass fermentation towards usage in fuel cells.

Rabaey, K., Lissens, G., Siciliano, S.D., Verstraete, W., 2003. A microbial fuel cell
capable of converting glucose to electricity at high rate and efficiency, Biotechnol. Lett.

25, 1531-1535.

Rabaey, K., Rodriguez, J., Blackall, L.L., Keller, J., Gross, P., Batstone, D.J.,
Verstraete, W., Nealson, K.H., 2007. Microbial ecology meets electrochemistry:

electricity-driven and driving communities, ISME J. 1, 9-18.

Rabaey, K., Verstraete, W., 2005. Microbial fuel cells: novel biotechnology for energy
generation, Trends Biotechnol. 23, 291-298.

Rozendal, R.A., Hamelers, H.V.M., Euverink, G.J.W., Metz, S.J., Buisman, C.J.N.,
2006. Principle and perspectives of hydrogen production through biocatalyzed
electrolysis, Int. J. Hydrogen Energy. 31, 1632-1640.

Rozendal, R.A., Jeremiasse, A.W., Hamelers, H.V.M., Buisman, C.J.N., 2008.
Hydrogen Production with a Microbial Biocathode, Environ. Sci. Technol. 42, 629-634.

Srikanth, S., Venkata Mohan, S., Sarma, P.N., 2010. Positive anodic poised potential
regulates microbial fuel cell performance with the function of open and closed circuitry,

Bioresour. Technol. 101, 5337-5344.

Tartakovsky, B., Manuel, M.F., Neburchilov, V., Wang, H., Guiot, S.R., 2008.
Biocatalyzed hydrogen production in a continuous flow microbial fuel cell with a gas

phase cathode, J. Power Sources. 182, 291-297.

86



Chapter 4

Tartakovsky, B., Manuel, M.F., Wang, H., Guiot, S.R., 2009. High rate membrane-less
microbial electrolysis cell for continuous hydrogen production, Int. J. Hydrogen Energy.

34, 672-677.

Wang, A., Liu, W., Cheng, S., Xing, D., Zhou, J., Logan, B.E., 2009. Source of methane
and methods to control its formation in single chamber microbial electrolysis cells, Int.

J. Hydrogen Energy. 34, 3653-3658.

87






Chapter 5

Performance of a Continuous Flow Microbial Electrolysis Cell

(MEC) Fed with Domestic Wastewater

Abstract. In this study, MEC performance was investigated in terms of chemical
oxygen demand (COD) removal, hydrogen production rate and energy consumption
during continuous domestic wastewater ({AWW) treatment at different organic loading
rates (OLR) and applied voltages (Vgpp). While the COD removal efficiency was
improved at low OLRs, the electrical energy required to remove 1g of COD was
significantly increased with decreasing the OLR. Hydrogen production exhibited a
Monod-type trend as function of the OLR reaching a maximum production rate of 0.30
L/(Lr d). Optimal V,,, was found to be highly dependent on the strength of the dWW.
The results also confirmed the fact that MEC performance can be optimized by setting
Vapp at the onset potential of the diffusion control region.

Although low columbic efficiencies and the occurrence of hydrogen recycling limited
significantly the reactor performance, these results demonstrate that MEC can be

successfully used for dAWW treatment.

A. Escapa, L. Gil-Carrera, V. Garcia, A. Moran

Bioresource Technology 117, (2012) 55-62






Chapter 5

5.1 INTRODUCTION

Global energy needs and increasing concern about fossil fuel emissions have prompted
scientists to research alternative fuels and energy production technologies. Hydrogen
(H») has been suggested as the energy carrier of the future because it is a clean fuel,
producing only water when combusted, and has a high-energy yield (142.35 kJ g™).
Among the technologies currently available for hydrogen production, biological
methods are generally preferred over chemical and thermal methods because organic
wastes can be used as substrates (Gomez et al., 2011). As a result, wastes such as
wastewater (WW) are now being regarded as potential commodities for bioenergy and
biochemical production rather than as useless materials (Angenent et al., 2004). In
contrast, activated sludge systems, a conventional WW treatment in developed nations,
use large blowers to favor oxygen transfer from air into the mixed liquor that are energy
intensive and increase treatment costs (Rosenbaum et al., 2010). Therefore, there is
great interest in seeking new methods and technologies to reduce treatment costs or

produce other products from WW.

A microbial electrolysis cell (MEC) is a device capable of converting the chemical
energy contained in wastewater into hydrogen while reducing its organic load with an
input of electricity. Since the production of hydrogen through MECs was first
demonstrated (Liu et al., 2005), MEC performance has been evaluated using individual
organic compounds such as acetate (Rozendal et al., 2006), glucose (Tartakovsky et al.,
2008) and glycerol (Escapa et al., 2009). Few tests have been conducted with actual
wastewaters, such as those from potato chip (Kiely et al., 2011) or swine facilities
(Wagner et al., 2009) and wineries (Cusick et al., 2010; Cusick et al., 2011). Despite the
great potential of microbial electrolysis in domestic wastewater (dAWW) treatment, only
two studies (Ditzig et al., 2007; Cusick et al., 2010) have explored the performance of
MECs fed dWW to our knowledge. Ditzig et al. (2007) evaluated MEC performance in
terms of hydrogen recovery, coulombic efficiency (CE) and treatment effectiveness.
They achieved good results (91% removal of dissolved organic carbon and a final
biochemical oxygen demand concentration below 7 mg L) demonstrating that dWW

treatment based on a MEC reactor is feasible. However they had to use relatively high
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batch cycle times (30-108 h), a platinum-based cathode, and an ionic exchange
membrane (IEM), the cost of which may prohibit MEC application. For instance
Rozendal et al. (2008) have predicted that the IEM cost may represent up to 40% of the
investment costs in a MEC reactor. Moreover, the presence of an IEM between the
anode and the cathode usually results in a higher internal resistance (Huang, et al.,
2010) and the appearance of a pH gradient between the electrodes (Rozendal et al.,

2007), thus limiting the reactor performance.

Following the efforts made by other researchers (Tartakovsky et al., 2008; Zhuang et
al., 2009) to improve the reactor design, to decrease the internal resistance, and to use
low cost materials, the IEM has been replaced by a J-cloth in our set-up. However, with
no IEM between the electrodes, if the hydrogen produced in the cathode is not harvested
rapid enough, it can be used as a substrate by hydrogenotrophic methanogens or be re-
oxidized by the anode-respiring bacteria (Lee and Rittmann, 2010). The anodic re-
oxidation of the hydrogen produced in the cathode is usually termed as “hydrogen
recycling” (Kiely et al., 2011; Call et al., 2009) and represents a great challenge since it
increases the electrical current artificially. Even though a considerable number of papers
has been devoted to this hurdle (Lee and Rittmann, 2010; Kiely et al., 2011; Call,
Wagner and Logan, 2009; Parameswaran et al., 2011; Parameswaran et al., 2010; Lee et

al., 2009) no clear solution has yet emerged.

Investment costs can be further reduced by replacing the Pt-based cathode by a low-
cost-metal-based cathode. Several studies have shown that MECs with Ni-based
cathodes can achieve performances similar to or even better that those with Pt-based

cathodes (Selembo et al., 2010; Call et al., 2009; Manuel et al., 2010).

Besides process design also applied voltage and current density have to be taken into
account in a full-scale MEC system. Undoubtedly, applied voltage (Vap,) has a
preeminent influence on MEC performance, not only because depending on its value the
electrochemical reaction will take place or not (Liu et al., 2005), but also because it
determines to a great extent the energy input (Tartakovsky et al., 2011) and as a result
influences the operational costs. On the other hand, the current density relates to the
size of the reactor (Lee and Rittmann, 2010) (i.e., the reactor volume and the electrodes

surface area), and since current density is intimately related to the OLR (Juang et al.,

92



Chapter 5

2011), the size of the reactor (and thus the operational costs involved) will depend
indirectly on the OLR. Therefore, the investigation of the influence of V,,, and OLR on
MEC performance will pave the way to the scale-up and in parallel, help to identify the
actual limits of hydrogen production, energy consumption and COD removal rate in a

MEC during dWW treatment.

In this work we tested a continuous membrane-less single-chambered reactor with a Ni-
based cathode at hydraulic retention times (HRTs) between 3-48 h, focusing on the
effect of the organic loading rate (OLR) and applied voltage (Vi) on hydrogen
production rates, energy consumption and the effectiveness of the treatment (COD

removal) when treating full-strength, un-amended dWW.

5.2 MATERIALS AND METHODS

5.2.1 MEC Design and Operation

All tests were conducted in duplicate and performed in a continuous-flow single-
chamber MEC constructed with a series of polycarbonate plates arranged to form an
anodic chamber and a gas collection chamber, as described elsewhere (Tartakovsky et
al., 2008). The anodic chamber retained 90 mL of liquid and had a headspace of 10 mL.

The gas collection (cathodic) chamber also had a volume of 100 mL.

A 5 mm-thick graphite felt measuring 9 cm by 10 cm (SIGRATHERM soft felt GDF 2)
was placed in the anodic chamber filled with liquid. A Ni-based gas diffusion electrode
(GDE) with a Ni load of 0.4 mg cm™ was used as a cathode and was prepared as
described by Hrapovic et al., (2010). The cathode was separated from the anode by a

piece of porous, cellulosic, non-woven fabric (J-cloth®) with a thickness of 0.7 mm.

The MEC temperature was maintained at 30°C using a thermocouple probe placed in
the anodic chamber, a temperature controller (National Instruments PCI-6221) and a 10
cm by 10 cm heating plate located on the same side of the MEC as the anodic chamber.
A 16 Q resistor was added to the circuit for on-line current measurements at 60 s

intervals using a data acquisition system (National Instruments PCI-6221). An
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adjustable DC power supply (BK PRECISION 9120) was used to maintain voltage at

the preset level.
5.2.2 Inoculation and Substrate

The MEC was inoculated with 100 mL of domestic wastewater (i.e., effluent from
pretreatment systems) from the Navalmorales wastewater treatment plant in Toledo
(Spain) and operated in hydrogen production mode (MEC) by flushing the gas-
collection (cathode) chamber with pure nitrogen and applying an external voltage of 1.0
V. The HRT was set at 12 h, which provided an OLR between 642 and 836 mg L, d!
(milligrams per liter of anode and per day). Influent COD varied between 321 and 418
mg L. After 6 days of continuous operation, the current density started to increase,
stabilizing at 3.1 + 0.2 mA (31 + 2 mA L,"), which corresponds to a hydrogen
production rate of 0.11 L L," d'. The gas-collection (cathodic) chamber off-gas
consisted of H, (97%) and CH4 (3%). After the start-up, the microbial communities

were allowed to stabilize for 29 days.

The wastewater, which served as both the inoculum and substrate, had a pH of

approximately 6.7 and conductivity of 0.9 mS cm™.
5.2.3 Experimental Design

The first set of experiments evaluated the effect of organic loading rate (OLR) on
wastewater treatment efficiency, hydrogen production rate and performance parameters
(i.e., Coulombic efficiency, cathodic conversion efficiency, and energy consumption).
Although we initially planned to study the effect of hydraulic retention time (HRT), the
variability in the strength of the wastewater fed into the reactor prompted us to select
OLR rather than HRT as the independent variable. Therefore, several HRTs between 3-
48 h were selected to yield OLRs between 243-3,128 mg COD L," d' (Table 5.1);
HRTs below 3 h were avoided to prevent possible damages of the biofilm due to high
flow rates. The V,p, was set at 1 V, and a series of voltage scans were performed at the

end of the tests.
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Table 5.1. Summary of tests and, performance parameters of the first set of experiments.

HRT CODin CODout OLR CE CCE COD rem. Int. resist.
(h) (mg L™ (mg L™ mgL,'d) (%) (%) (%) ()
48 486+14 160+16 243 65 -2 67 94
24 448+10 170413 448 59 45 62 104
12 310+6 130+18 620 57 44 58 105
6 310+7 121+14 1,240 55 42 61 b
6 486=+11 238+15 1,944 54 43 51 60
3 391+4 234+31 3,128 38 45 44 48

*No hydrogen production detected
®No voltage scan performed

The second set of experiments was intended to evaluate the effect of V,,, on the same
parameters as in the first set of experiments. Due to the variability of the influent COD,
two HRTs were used (Table 5.2) to maintain a nearly constant OLR (493 = 61 mg COD
L," d"): 24 h for influent with a high COD (457+ 19 g L") and 10.5 h for influent with
a lower COD (232431 g L,).

Table 5.2. Summary of the test performed during the second set of experiments.

Vapp HRT CODin CODout OLR
\%) ()  (mgL) (mgL) (mgL,'d"
1.20 10.5 220+13 170+£16 503
1.00 24.0 452+14 162+07 452
0.85 10.5 197+16 134405 450
0.75 24.0 441+13 10610 441
0.50 24.0 479+£21 18705 479
0.50 10.5 240+16 197+00 549
0.00 24.0 447+24 380+33 447

Both HRT and V,,, were randomly selected to minimize the effect of microbial
adaptation on MEC performance (Tartakovsky et al., 2008). The results were averaged,

and the standard errors were determined to assess statistical variability.

Coulombic efficiency (CE) was computed as the ratio of electrons to the total electrons
available from COD consumption. Cathodic conversion efficiency (CCE) was
computed as the ratio of electrons recovered as hydrogen gas to the total number of
electrons that reach the cathode. Energy consumption was computed as the ratio

between the electrical energy consumed to the amount of COD removed. A detailed
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explanation of the calculation methods for theses performance parameters can be found

elsewhere (Lee et al., 2009; Escapa et al., 2009).
5.2.4 Analytical Measurements

Gas production was measured in-line by bubble counters connected to glass U-tubes
that were interfaced with a data acquisition system (National Instruments PCI-6221), as
previously described by Tartakovsky and co-workers (Tartakovsky et al., 2008). Anodic
and cathodic off-gas composition was analyzed using a gas chromatograph (Varian CP
3800 GC) equipped with a thermal conductivity detector. A four-meter-long column
packed with HayeSep Q 80/100 was connected to a one-meter-long molecular sieve
column were used to separate methane (CHy4), carbon dioxide (CO;), nitrogen (N3),
hydrogen (H;) and oxygen (O;). Argon was used as the carrier gas, and the columns

were operated at 331 kPa and 50°C.

COD concentration of the influent and effluent samples were measured using an
automatic potentiometric titrator (Metrohm 862 Compact Titrosampler) after
centrifugation at 3,500xg and digestion in the presence of dichromate at 150°C for 2 h

using a Hanna C9800 reactor.

Voltage scans were conducted with a potentiostat (LAutolab Type III) at a scan rate of

0.0001 Vs,

5.3 RESULTS AND DISCUSSION

5.3.1 Effect of the OLR Over MEC Performance at High Applied Voltages

Once the reactor achieved steady state, several HRTs (Table 5.1) were tested to
investigate the effect of the OLR on COD removal, hydrogen production and power

