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HIGHLIGHTS GRAPHICAL ABSTRACT

® A Dbioelectrochemical system is
developed for nitrate removal from A
groundwater.

o Nitrate is moved from groundwater
into an anode driven by an electric
potential.

e Nitrate is reduced to nitrogen gas via
heterotrophic denitrification.

® The present system remove nitrate
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from both synthetic and actual - S

groundwater. J
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nitrate moving from groundwater into the anode and reduces nitrate to nitrogen gas by heterotrophic
denitrification. This laboratory study of a bench-scale BES demonstrated effective nitrate removal from
both synthetic and actual groundwater. It was found that applying an electrical potential improved the
nitrate removal and the highest nitrate removal rate of 208.2 + 13.3g NO3;~-Nm~3 d~! was achieved at

ﬁ?{gfgds" 0.8 V. Although the open circuit condition (no electricity generation) still resulted in a nitrate removal
Groundwater rate of 158.5+4.2gm3d~! due to ion exchange, electricity production could inhibit ion exchange and
Bioelectrochemical system prevent introducing other undesired ions into groundwater. The nitrate removal rate exhibited a linear
Microbial fuel cell relationship with the initial nitrate concentration in groundwater. The BES produced a higher current
Microbial electrolysis cell density of 33.4Am~3 and a higher total coulomb of 244.7 + 9.1 C from the actual groundwater than the
synthetic groundwater, likely because other ions in the actual groundwater promoted ion movement to
assist electricity generation. Further development of this BES will need to address several key challenges

in anode feeding solution, ion competition, and long-term stability.
© 2013 Elsevier B.V. All rights reserved.
1. Introduction production and other resources because of a higher living standard
and increased population, the discharge of nitrogen compounds
Human activity is extensively affecting global nitrogen circula- such as inorganic nitrogen (e.g., ammonia/ammonium, nitrogen
tion. Due to an increasing demand for more agricultural/industrial oxide, and nitrate) and organic nitrogen (e.g., urea, amines and

protein) via water use also rises [1]. Excessive release of nitrogen

and other nutrients into water bodies is responsible for eutrophica-

tion of aquatic systems, which deteriorates water quality [2]. High
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a critical role in the supply of drinking water: in the United States,
groundwater is the primary source of drinking water for 44% of
the population [7]. The United States government has established a
strict standard for nitrate concentration in drinking water produced
from groundwater (10 mg NO3;~-NL~1)[8], and World Health Orga-
nization suggests a guideline value for nitrate of 11 mg NO;~-NL-!
in drinking water [9]. Therefore, groundwater contaminated with
nitrate must be properly remediated before use.

The removal of nitrate can be accomplished by using physical,
chemical, and biological methods [10]. For example, ion exchange
is commonly used in producing drinking water from groundwa-
ter [11], in which the cations in groundwater are exchanged with
sodium ions and the anions are replaced by chloride ions when
flowing through the packed ion exchange resin [12]. Reverse osmo-
sis has not been particularly applied to remove nitrate, but its
non-selective, semi-permeable membrane can stop many con-
taminants that may include nitrate. Biological nitrate removal is
attractive because of its cost-effectiveness. Denitrification is com-
monly used to remove nitrate from sewage and natural water
bodies including groundwater [13-15] and can be carried out
by both heterotrophic and autotrophic bacteria [14,16]. Nitrate
removal from groundwater is conducted by either ex situ or in situ
approaches, and in situ treatment is preferred because it avoids the
use of the energy-intensive pump-and-treat approach [17].

Bioelectrochemical systems (BES) are a relatively new concept
for removing organic matters (including some hazardous mate-
rials [18-20]) from water and wastewater, while simultaneously
producing electricity [21]. Prior laboratory studies have demon-
strated that BES can also be applied for nitrate removal, mainly
from wastewater through autotrophic or heterotrophic denitrifica-
tion [22-25]; in such systems, electrons are produced from organic
oxidation in the anode and transferred to a cathode electrode from
which autotrophic denitrifying bacteria accept electrons for nitrate
reduction.

A recent study applied the BES concept to nitrate removal
from groundwater [26]. This submerged microbial desalination-
denitrification cell takes advantage of the working principles of
both microbial desalination cells (MDCs) and bioelectrochemical
denitrification in microbial fuel cells (MFCs): nitrate ions migrate
into an anode compartment driven by an electrical potential and
then are transported into a cathode compartment for bioelectro-
chemical denitrification; an additional nitrifying bioreactor was
added to the system to ensure that ammonium in the anode solu-
tion was converted to nitrate. The system achieved 90.5% removal
of nitrate and exhibited a promising application of BES for in situ
nitrate remediation in groundwater. However, the additional nitri-
fying bioreactor in this system could make the reactor construction
and operation more complex and expensive; furthermore, since
nitrate would first migrate into the anode compartment, it can be
removed through heterotrophic denitrification. It was found that
nitrate removal rate in a heterotrophic system was much higher
than thatin an autotrophic system with sulfide [27]; although there
is no direct comparison between heterotrophic denitrification and
autotrophic denitrification using a solid electron donor (cathode
electrode), the latter could have a lower efficiency due to availabil-
ity and accessibility of electron donors.

In this study, we have advanced the above system through sim-
plifying the reactor structure and operation, accomplished nitrate
removal in the anode of a BES, and improved the nitrate removal
rate by applying external electric potentials. Nitrate was attracted
from groundwater into an anode compartment by an electric force,
and then heterotrophic denitrification occurred in the presence
of organic compounds (Fig. 1). To examine its performance, we
operated the present BES under several conditions with or with-
out externally applied potential, and the effect of different applied
potentials was studied. We investigated the role of ion exchange in
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Fig. 1. Experimental setup of a bioelectrochemical system (BES) for nitrate removal
from groundwater. The BES is controlled by a power supply and the data are collected
by a computer.

nitrate removal and the influence of nitrate concentration on the
BES performance. We also examined the nitrate removal in either
a synthetic or an actual groundwater. The results are expected to
provide a foundation for further development of a practical tech-
nology for in situ nitrate removal from groundwater.

2. Materials and methods
2.1. BES construction

The BES reactor consisted of two separated tubular compart-
ments made of porous PVC tubes wrapped by exchange membranes
and was submerged in a 2 Lbeaker containing 1 L of either synthetic
or actual groundwater (Fig. 1). The anode compartment was cre-
ated by a tube of an anion exchange membrane, and the cathode
compartment was contained in a tube of a cation exchange mem-
brane (Membrane International Inc., Ringwood, NJ, USA). The anode
compartment contained a carbon brush as an anode electrode,
resulting in an anode liquid volume of 90 mL while the cathode
compartment had carbon cloth as a cathode electrode coated with
0.5 mg Ptcm—2 (prepared as previously described [28]), and a cath-
ode liquid volume of 160 mL. The anode and the cathode electrodes
were connected to an external circuit across a resistor of 10 2 with
or without being linked to a power supply.

2.2. BES operation

The BES was operated in a batch mode at a room tempera-
ture of ~20°C. The feeding solution to the anode compartment
was prepared as: 0.5 gL' CH3COONa; phosphate buffer solution
(diluted from 1molL-! phosphate buffer solution contain-
ing 107gL-1K;HPO4 and 53gL-1 KH,PO,4); NH4Cl, 75mgL-1;
NaCl, 250 mgL-1; MgS0,4, 7.5mgL~!; CaCl,, 10mgL-!; NaHCOs,
50mgL~1; trace mineral solution 0.1 mgL~1[29]; and 1gL-! yeast
extract. The conductivity of the fresh anode feeding solution was
between 9 and 10mScm~! and its pH was around 7. The anode
feeding solution was purged with nitrogen gas before use. The
catholyte was a 100 mmol L~! phosphorus buffer solution and was
purged with nitrogen gas when the BES was operated in an MEC
(microbial electrolysis cell) mode. The anode compartment was
connected to a reservoir containing 400 mL of the anolyte. Both
the anolyte and the catholyte were recirculated at 100 mL min~!
by using a peristaltic pump. The synthetic groundwater was pre-
pared by dissolving NaNO3 in tap water. The actual groundwater
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was collected from No.BQ185 well, Wisconsin, USA. The anode was
inoculated with digested sludge (South Shore Water Reclamation
Facility, WI, USA) at a volume ratio of 5%. The anode feeding solu-
tion and the groundwater were replaced with fresh solutions every
24h.

The BES was operated under several different conditions: open
circuit (OC), the MFC mode (without externally applied potential),
and the MEC mode (with an externally applied potential). In the
MEC mode, a power supply (3645 A, Circuit Specialist Inc., AZ, USA)
was used to apply 0.5V, 0.8V or 1.0V to the circuit, as previously
described [28]. Those selected voltages are within the typical range
of the applied voltage in an MEC (0.2-1.0V) [30]. To maintain the
conductivity and buffering capacity of the anolyte when using a
low concentration of phosphate buffer solution (1 mmolL~1),3.3¢g
of NaHCO3 was added into the 400 mL of the anolyte.

2.3. Measurement and analysis

The BES voltage was recorded every 5 min by a digital multime-
ter (2700, Keithley Instruments, Inc., Cleveland, OH, USA). The pHs
of the anolyte and the catholyte were measured by a benchtop pH
meter (Oakton Instruments, Vernon Hills, IL, USA). The conductivity
was measured by a benchtop conductivity meter (Mettler-Toledo,
Columbus, OH, USA). The concentrations of chemical oxygen
demand (COD), nitrate-nitrogen (NO3 ~-N), nitrite-nitrogen (NO, -
N), and total phosphate were measured using a colorimeter
following the manufacturer’s instructions (Hach DR/890, Hach
Company, Loveland, CO, USA). Nitrate removal rates were cal-
culated based on the anode liquid volume, and comparison of
nitrate removal rates between operating conditions was statisti-
cally analyzed by using two-sample t-test. Two types of Coulombic
efficiencies, based on COD in the anode compartment or nitrate
from groundwater, were calculated as the total coulomb output
(integrating the production of time and current) divided by the total
coulomb input (either the moles of COD removed assuming 4 mol
of electrons/mol of COD, or the moles of nitrate removed from the
system assuming 5 mol of electrons/mol of nitrate), according to
the following equations:

_ Qoutput Xt

CEc = =
¢ Qinput F x CODyemoved x 4

~ Qoutput Xt

CEy = =
Qinput F x Nremoved x 5

where CEc is the Coulombic efficiency based on organic substrate,
CEy is the Coulombic efficiency based on nitrate, Qoutput is the pro-
duced charge, Qjnpy is the total charge available in the substrate,
F is the faraday constant (96,485 C/mole~), I is the electric current
(A), and t is time (s). COD (emoved iS the COD removed by the BES
(mol) in the period of time t, and N;emoved iS the amount of nitrate
removed (mol) within time t.

3. Results and discussion
3.1. Effects of operating conditions

The BES was started in an MFC mode (without applying an exter-
nal potential) for two weeks and then switched to an MEC mode
that applied 0.8V to the electrical circuit. After a period of two
months, the BES achieved an average current density of 28.2 Am~3
at 0.8V and a relatively stable removal of nitrate from the syn-
thetic groundwater. The current generation exhibited a typical
batch profile with a peak current of 35-40 A m—3 upon replacement
of the anode feeding solution, the cathode buffer and the synthetic
groundwater, followed by a decrease to 24-25 Am~3 (Fig. 2A). With
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Fig. 2. Current production in the BES under different operating conditions (A), and
the nitrate concentration variation in the synthetic groundwater under an applied
potential of 0.8V (B).

the use of a phosphate buffer solution, the pHs of the anolyte and
the catholyte were maintained at 7.2+0.1 and 7.4+ 0.0, respec-
tively. The COD concentration in the anolyte was about 550 mg L~!
at the end of a batch, resulting in 66.9 +7.7% removal within one
cycle; we found that 15.7 + 1.6% of COD was converted into electric-
ity. Nitrate nitrogen in the synthetic groundwater was removed by
77.3% within 24 h (Fig. 2B). The anode effluent contained a very low
concentration of nitrite (below 0.1 mgL-1) and almost no nitrate.
The theoretical nitrate removal rate in the BES was 208.2+13.3¢g
NO3; -Nm—3d-1.

It was observed that the decrease in nitrate concentration in the
synthetic groundwater was greater in the first 10 h and then rela-
tively slowed down, likely affected by current generation, which
was related to the activity of electrochemically-active microbes
and organic supply. The consumption of organic compounds in
the anode compartment was mainly by electricity generation
(electrochemically-active microbes), denitrification (denitrifying
bacteria), and other microbial processes [31]. With the nitrate
removal from the synthetic groundwater, more and more nitrate
ions migrated into the anode compartment and increased the com-
petition of organic compounds among those microbial processes.
As a result of this and other continuing consumption of organic
compounds over time, the electrical current became smaller and
the electrical force for continuing nitrate removal became weaker.
Consequently, the nitrate removal from the synthetic groundwa-
ter became slower. Given the fact that there was still a certain
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Table 1

The nitrate removal rate and Coulombic efficiencies under different operating conditions. CE¢ is the Coulombic efficiency based on organic substrate, and CEy is the Coulombic

efficiency based on nitrate.

ov 0.5V 0.8V 1.0V
Nitrate removal (g NO3~-Nm—3d-1) 154.2 + 244 172.1 £ 9.1 208.2 + 13.3 181.1 £ 175
CEc (%) 4.6 + 0.5 8.0+ 1.0 15.7 + 1.6 13.8 £ 0.1
CEn (%) 146 £ 0.2 226+ 1.5 342 + 0.8 36.2 +£ 5.0

amount of organic compounds at the end of a batch, to ensure
an efficient nitrate removal from groundwater, the activity of the
electrochemically-active microbes must be further improved (e.g.,
to improve Coulombic efficiency).

To further understand the effect of the operating conditions, the
BES was examined in the MEC mode with 0.5 or 1.0V, and in an
MFC mode without any additional potential. As shown in Fig. 2A,
the MEC mode with 0.8 or 1.0V produced higher current densi-
ties than that with 0.5V while the MFC mode (“0V”) generated
the lowest current. Accordingly, the highest nitrate removal rate
(208.2+13.3g NO3~-Nm~3d~1) was obtained with 0.8V and the
lowest one (154.2 +24.4g NOs~-Nm~3d-1) was in the MFC mode
(Table 1). Statistic analyses confirmed that the MEC mode with
0.8V achieved the highest nitrate removal rate, while there was
no statistic difference in nitrate removal rates between the 0.5V
and the MFC mode. The MEC mode also significantly improved the
Coulombic efficiencies based on either organics or nitrate (Table 1).
Better performance with 0.8 Vthan 0.5 and 0 V was because a higher
energy input increases current generation, as observed in other
MEC studies [30,32]. However, the 1.0V condition did not lead to
more current production than 0.8 V; the exact reason is not clear
at this time. Surprisingly, there was a substantial nitrate removal
with a nitrate removal rate of 158.5 +4.2g NO;~-Nm~3 d~! under
an open circuit (no electricity generation), and while in the absence
of the cathode chamber, the anode alone achieved a nitrate removal
rate 135.0+3.9g NO;—-Nm—3d-!, suggesting that other factors,
likely ion exchange, played an important role in nitrate transport
from the groundwater into the anode compartment. In the presence
of an anion exchange membrane (surrounding the anode com-
partment) and a nitrate concentration gradient across the anion
exchange membrane (higher in the groundwater and lower inside
the anode compartment), nitrate ions could be exchanged by the
anions such as chloride ions, phosphate ions, and acetic ions in the
anolyte. Chloride ions would likely be one of the major exchange
agents because of their large quantity. In addition, the Coulom-
bic efficiency based on the nitrate consumption was less than 40%
(Table 1), indicating that the movement of some nitrate ions across
the anion exchange membrane was not associated with electricity
production.

3.2. Effects of ion exchange

The nitrate removal from the synthetic groundwater under an
open circuit condition (without electricity generation) intrigued us
to investigate the effect of an ion exchange on the nitrate transport.
The anode compartment contained an anion exchange membrane
that allows the movement of anions such as nitrate ions driven by a
concentration gradient. In the present study, the anolyte contained
50mmolL-1 of a phosphate buffer solution that provided anions
(e.g., phosphate ions) to exchange nitrate ions from the synthetic
groundwater. We found that the phosphate concentration in the
synthetic groundwater reached 36.0+3.1mgL~! under the open
circuit condition or 28.4+2.3 mgL~! in the absence of the cathode
chamber (Fig. 3). When we decreased the phosphate buffer con-
centration to 1 mM in the anolyte, the concentration of phosphate
ions in the synthetic groundwater also notably decreased under
the open circuit condition (Fig. 3). At an applied potential of

0.8V, electricity was generated and we observed a significantly
lower concentration of phosphate ions (3.8 +2.1mgL-!) with an
initial 50mmol L~ phosphate buffer. The use of the 1 mmolL~!
phosphate buffer in the anolyte resulted in a non-detectable con-
centration of phosphate ions in the synthetic groundwater under
0.8 V. Those results indicated that electricity generation inhibited
the migration of phosphate ions from the anode compartment
into the synthetic groundwater; however, without electricity
generation, the activity of the ion exchange became relatively
stronger.

According to those results, we propose different mechanisms of
nitrate transport from the synthetic groundwater into the anode
compartment in the absence or presence of electricity genera-
tion. When there is no electricity production, the nitrate ions are
exchanged by the anions (e.g., phosphate ions) in the anode com-
partment; thus, the anion movement across the anion exchange
membrane is in dual directions to maintain a neutral ionic change:
the nitrate ions move into the anode and the anodic anions migrate
into the synthetic groundwater. Phosphate ions could be a major
anion for such exchange at a high initial concentration of the phos-
phate buffer (e.g,, 50mmolL-1). When the phosphate buffer is
at a low initial concentration (e.g., 1mmolL-1), other anions in
the anolyte such as bicarbonate and chloride ions would act as
exchange agents (unfortunately we did not monitor the concentra-
tions of other anions). When electricity is produced, the movement
of some anions including nitrate ions across the anion exchange
membrane is in a single direction: the nitrate ions move into the
anode compartment. To keep electric neutrality in the synthetic
groundwater, additional anions need to move in or cations in the
groundwater will move out; in this case, we think cations move
out into the cathode compartment driven by an electric potential.
That matches the principle of electricity generation in an MDC, in
which anions move into an anode while cations migrate into a cath-
ode. The co-existence of ion exchange with electricity generation
also results in some dual-direction anion movement. Although the
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Fig. 3. Nitrate removal rate in the BES and the phosphate concentration (TP) in the
synthetic groundwater under open circuit or 0.8 V with different phosphate buffer
concentration in the anolyte. “OC-50 mM” means the open circuit condition with
50 mmol L-! phosphate buffer solution. The “*” indicates that there was no cathode
compartment in the groundwater during the test.
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buffer in the anolyte was 1 mmol L1,

nitrate was removed in both conditions, we think the electricity-
generating condition is more desirable, because it enhances the
nitrate removal rate and prevents unfavorable anions from entering
the synthetic groundwater (avoiding potential contamination).

3.3. Effect of nitrate concentrations

The concentration of nitrate in groundwater affects the conduc-
tivity and consequently the electricity generation and ion exchange
in the present BES. The US federal NO3~-N threshold in ground-
water is 10mgL-! while in some states this value can be as
high as 45 mgL~1; therefore, we examined a series of nitrate con-
centrations, including 6.4, 11.2, 23.4, and 32.0mgL-!, with 0.8V
applied. The current generation exhibited a batch profile (Fig. 4A),
and the four concentrations resulted in the produced coulombs
of 176.2+12.6, 200.1+8.8, 177.0+ 2.7, and 205.3 +8.2C, respec-
tively. Accordingly, the Coulombic efficiencies based on nitrate
removal are 118.3 +13.5%,67.6 +- 5.2%, 28.3 + 0.5% and 24.8 + 1.4%.
This suggests that as the initial C/N ratio decreases (with an increas-
ing nitrate concentration), electricity generation played a weaker
role in moving the nitrate out of the synthetic groundwater, likely
due to a stronger activity of denitrification in the anode compart-
ment that competed for electrons with the anode electrode and a
stronger ion exchange activity.

We observed an unstable current generation with 6.4mg
NO3-NL-!, which was not shown with higher concentrations
of nitrate; while the change in the phosphate concentration in
the synthetic groundwater exhibited the largest variation at
6.4mg NO3-NL-1 (Fig. 4B). Those two phenomena could have a
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Fig. 5. Current production in the BES with the actual groundwater.

correlation, which needs further investigation. Higher con-
centrations of nitrate might stimulate ion exchange activities,
resulting in higher nitrate removal rates: the nitrate removal
rate of 267.78+£19.28g NO3-Nm~—3d-! with 32.0mgL-! was
more than five times the one (49.25+4.21g NO3—-Nm—3d-1)
with 6.4mgL-! (Fig. 4B). There was almost a linear relationship
between the nitrate removal rate and the initial nitrate concentra-
tion (Y=63.9X, R?2=0.9492), suggesting a nitrate removal process
behaving similarly to a first-order reaction in the present BES
(while the actual removal mechanisms involve physical processes
such as ion exchange, and biological reactions).

3.4. Nitrate removal from actual groundwater

The actual groundwater contains a nitrate concentration of
~18 mg NO3-NL-1. The current generation in the BES exhibited a
similar profile as those from the synthetic groundwater (Fig. 5).
The nitrate removal rate was 130.0 +12.2g NO3~-Nm~3 d~1, simi-
lar to that of the synthetic groundwater with a nitrate concentration
between 11 and 24 mgL-1, and also fit into the linear relationship
developed with the synthetic groundwater. The average current
density was 33.4Am3, higher than those with the synthetic
groundwater (23.7Am~3 with 24 mg NO3;~-NL'and 27.3Am™3
with 32mg NO3~-NL-1); as a result, the total coulomb produc-
tion was 244.7 + 9.1 C, much higher than those with the synthetic
groundwater, likely due to other ionic species present in the actual
groundwater that promoted ion transport across the ion exchange
membrane and thus current generation.

3.5. Perspectives

The present BES provides a promising approach for in situ nitrate
removal in groundwater remediation. It takes advantage of bioelec-
tricity generation to attract nitrate ions out of groundwater and
thus avoids the addition of other compounds for remediation (e.g.,
to stimulate microbial activities in groundwater bioremediation).
The configuration of the separated anode and cathode improves
the flexibility of the BES construction and operation and makes it
possible to modify the components more conveniently (for exam-
ple, modifying the anode/cathode or adding more units without
affecting other units). Although the bioelectrochemical reactions in
the anode and the cathode may affect the pH of adjacent ground-
water via proton production/transport, this influence is minor due
to a large volume of groundwater compared with much smaller
volumes of the anolyte and the catholyte.

To further develop the present BES for in situ nitrate remedi-
ation, we must address several challenges. First, a proper anode
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feeding solution should be selected: the use of purified organic
compounds may increase the expense of remediation, while the
low-cost substrates like wastewater must be used with caution to
avoid introducing other contaminants into groundwater via the ion
exchange processes. Second, the nitrate removal in the presence of
other competing anions should be investigated: the competition
could decrease the nitrate removal; on the other hand, the sys-
tem may also remove other undesired ions (such as heavy metals
into the cathode compartment) from groundwater. Third, the long-
term performance of the BES with actual groundwater under a
non-laboratory condition should be examined: the influence of
environmental conditions (e.g., temperature and pH) on the BES
performance is a key factor to its successful operation, and some
issues such as fouling of ion exchange membrane due to ionic
deposition require a long-term operation of the system. Fourth,
the BES needs to be scaled up to an applicable size: the scaling
up is always a challenge to the development of bioelectrochemi-
cal systems, and an advantage of the present BES for groundwater
remediation is that it does not require a very large scale system
like that for wastewater treatment, thereby making scaling up rel-
atively feasible. Last but not least, we should properly evaluate this
system from the aspects of capital investment, operating expense,
and advantages/disadvantages compared with other in situ/ex situ
nitrate remediation approaches once the BES is enlarged to a certain
scale.

4. Conclusions

This study has demonstrated the feasibility of using a
bench-scale bioelectrochemical system to remove nitrate from
groundwater. The BES effectively attracted nitrate out of ground-
water driven by electricity generation and reduced it to nitrogen
gas in the anode compartment via heterotrophic denitrification.
Applying an external electric force improved the nitrate removal,
and it was found that 0.8 V resulted in the highest nitrate removal
rate. In addition to electricity generation, ion exchange was another
major mechanism of nitrate migration into the BES anode, and there
was competition between electricity-driven and ion exchange-
driven nitrate movement, in which an electricity-driven process
could inhibit the ion exchange process. The ion exchange pro-
cess was also affected by the ionic concentration in the anolyte.
The nitrate removal rate linearly increased with the increasing
nitrate concentration in groundwater. The BES also achieved suc-
cessful nitrate removal from actual groundwater sampled from a
well in the state of Wisconsin. Further development of the BES for
in situ nitrate removal from groundwater must consider the chal-
lenges such as the selection of anode substrates, the competition
between nitrate and other anions, the long-term system perfor-
mance, the reactor scaling up, and the economic evaluation of this
approach.

Acknowledgements

This research was financially supported by a grant from
the Research Growth Initiative at the University of Wisconsin-
Milwaukee (UW-Milwaukee). We would like to thank Mr.
Kevin Masarik (UW-Stevens Point) and Mr. Kyle Jacobson (UW-
Milwaukee) for obtaining groundwater samples, and Dr. Marjorie
Piechowski (UW-Milwaukee) for proofreading the manuscript.

References

[1] J.N. Galloway, ].D. Aber, ].W. Erisman, S.P. Seitzinger, R.W. Howarth, E.B. Cowl-
ing, B.]. Cosby, The Nitrogen Cascade, BioScience 53 (2003) 341-356.

[2] LJ. Puckett, AJ. Tesoriero, N.M. Dubrovsky, Nitrogen contamination of surficial
aquifers - a growing legacy, Environ. Sci. Technol. 45 (2011) 839-844.

[3] P.D. Gatseva, Z.H. Mardirosian, E.J. Popova, E.S. Iskrenova, S.V. Vladeva, K.I.
Pavlova, Evaluation of health hazards in children from regions with nitrate
pollution, Folia Med. (Plovdiv) 42 (2000) 19-22.

[4] C.Zeman, L. Beltz, M. Linda, ]. Maddux, D. Depken, J. Orr, P. Theran, New ques-
tions and insights into nitrate/nitrite and human health effects: a retrospective
cohort study of private well users’ immunological and wellness status, J. Envi-
ron. Health 74 (2011) 8-18.

[5] C.W. Heckman, ].L. dos Campos, E.L. Hardoim, Nitrite concentration in well
water from Pocone, Mato Grosso, and its relationship to public health in rural
Brazil, Bull. Environ. Contam. Toxicol. 58 (1997) 8-15.

[6] A.M. Fan, V.E. Steinberg, Health implications of nitrate and nitrite in drinking
water: an update on methemoglobinemia occurrence and reproductive and
developmental toxicity, Regul. Toxicol. Pharmacol. 23 (1996) 35-43.

[7] Groundwater Use for America, National Ground Water Association, Wester-
ville, OH, 2010.

[8] D.M.Manassaram, L.C. Backer, D.M. Moll, Areview of nitrates in drinking water:
maternal exposure and adverse reproductive and developmental outcomes,
Environ. Health Perspect. 114 (2006) 320-327.

[9] WHO, Guidelines for Drinking-Water Quality, World Health Organization,
Geneva, Switzerland, 2011.

[10] P.M. Ayyasamy, K. Shanthi, P. Lakshmanaperumalsamy, S.J. Lee, N.C. Choi, D.J.
Kim, Two-stage removal of nitrate from groundwater using biological and
chemical treatments, J. Biosci. Bioeng. 104 (2007) 129-134.

[11] C.D.Rocca, V.Belgiorno, S. Merig, Overview of in-situ applicable nitrate removal
processes, Desalination 204 (2007) 46-62.

[12] P. Shahbazi, F. Vaezi, A.H. Mahvi, K. Naddaffi, A.R. Rahmani, Nitrate removal
from drinking water by point of use ion exchange, J. Res. Health Sci. 10 (2010)
91-97.

[13] U. Wiesmann, Biological nitrogen removal from wastewater, in: A. Fiechter
(Ed.), Advances in biochemical engineering biotechnology, Springer, Berlin,
1994, pp. 113-153.

[14] Y. Zhao, C. Feng, Q. Wang, Y. Yang, Z. Zhang, N. Sugiura, Nitrate removal from
groundwater by cooperating heterotrophic with autotrophic denitrification in
a biofilm-electrode reactor, J. Hazard. Mater. 192 (2011) 1033-1039.

[15] B. Moreno, M.A. Gomez, ]. Gonzalez-Lopez, E. Hontoria, Inoculation of a sub-
merged filter for biological denitrification of nitrate polluted groundwater: a
comparative study, J. Hazard. Mater. 117 (2005) 141-147.

[16] R. Knowles, Denitrification, Microbiol. Rev. 46 (1982) 43-70.

[17] Y.S.Kim, K. Nakano, T.]. Lee, S. Kanchanatawee, M. Matsumura, On-site nitrate
removal of groundwater by an immobilized psychrophilic denitrifier using sol-
uble starch as a carbon source, J. Biosci. Bioeng. 93 (2002) 303-308.

[18] C. Zhang, M. Li, G. Liu, H. Luo, R. Zhang, Pyridine degradation in the microbial
fuel cells, J. Hazard. Mater. 172 (2009) 465-471.

[19] S. Puig, M. Serra, M. Coma, M. Cabre, M. Dolors Balaguer, J. Colprim, Microbial
fuel cell application in landfill leachate treatment, J. Hazard. Mater. 185 (2011)
763-767.

[20] J.M. Morris, S.Jin, Enhanced biodegradation of hydrocarbon-contaminated sed-
iments using microbial fuel cells, J. Hazard. Mater. (213-214) (2012) 474-477.

[21] B. Logan, K. Rabaey, Conversion of wastes into bioelectricity and chemicals
using microbial electrochemical technologies, Science 337 (2012) 686-690.

[22] P.Clauwaert, K. Rabaey, P. Aelterman, L.D. Schamphelaire, T.H. Pham, P. Boeckx,
N.Boon, W. Verstraete, Biological denitrification in microbial fuel cells, Environ.
Sci. Technol. 41 (2007) 3354-3360.

[23] F.Zhang, Z. He, Integrated organic and nitrogen removal with electricity gener-
ation in a tubular dual-cathode microbial fuel cell, Process Biochem. 47 (2012)
2146-2151.

[24] B.Virdis, K. Rabaey, R.A. Rozendal, Z. Yuan, J. Keller, Simultaneous nitrification,
denitrification and carbon removal in microbial fuel cells, Water Res. 44 (2010)
2970-2980.

[25] H. Yan, J.M. Regan, Enhanced nitrogen removal in single-chamber microbial
fuel cells with increased gas diffusion areas, Biotechnol. Bioeng. 110 (2013)
785-791.

[26] Y.Zhang, I. Angelidaki, A new method for in situ nitrate removal from ground-
water using submerged microbial desalination-denitrification cell (SMDDC),
Water Res. 47 (2013) 1827-1836.

[27] S. An, A Comparative Study of Autotrophic and Heterotrophic Denitrifica-
tion using Sulphide and Acetate, University of Saskatchewan, Saskatoon,
Saskatchewan, Canada, 2010 (M.Sc. Thesis).

[28] L. Xiao, Z. Wen, S. Ci, ]. Chen, Z. He, Carbon/iron based nanorod catalyst for
hydrogen production in microbial electrolysis cells, Nano Energy 1 (2012)
751-756.

[29] L.T. Angenent, S. Sung, Development of anaerobic migrating blanket reactor
(AMBR), a novel anaerobic treatment system, Water Res. 35 (2001) 1739-1747.

[30] B.E. Logan, D. Call, S. Cheng, H.V. Hamelers, T.H. Sleutels, A W. Jeremiasse, R.A.
Rozendal, Microbial electrolysis cells for high yield hydrogen gas production
from organic matter, Environ. Sci. Technol. 42 (2008) 8630-8640.

[31] C.Sukkasem, S. Xu, S. Park, P. Boonsawang, H. Liu, Effect of nitrate on the perfor-
mance of single chamber air cathode microbial fuel cells, Water Res. 42 (2008)
4743-4750.

[32] D. Call, B.E. Logan, Hydrogen production in a single chamber microbial elec-
trolysis cell lacking a membrane, Environ. Sci. Technol. 42 (2008) 3401-3406.


http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0005
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0005
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0005
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0005
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0005
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0005
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0005
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0005
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0005
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0005
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0005
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0005
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0005
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0005
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0005
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0005
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0005
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0005
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0005
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0005
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0005
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0005
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0005
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0005
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0010
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0010
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0010
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0010
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0010
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0010
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0010
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0010
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0010
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0010
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0010
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0010
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0010
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0010
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0010
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0010
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0010
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0010
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0010
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0010
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0010
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0010
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0010
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0015
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0015
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0015
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0015
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0015
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0015
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0015
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0015
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0015
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0015
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0015
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0015
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0015
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0015
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0015
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0015
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0015
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0015
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0015
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0015
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0015
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0015
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0015
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0015
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0015
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0015
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0015
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0015
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0015
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0015
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0015
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0020
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0020
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0020
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0020
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0020
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0020
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0020
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0020
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0020
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0020
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0020
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0020
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0020
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0020
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0020
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0020
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0020
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0020
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0020
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0020
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0020
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0020
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0020
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0020
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0020
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0020
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0020
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0020
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0020
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0020
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0020
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0020
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0020
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0020
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0020
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0020
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0020
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0020
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0020
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0020
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0020
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0020
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0020
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0020
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0020
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0020
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0025
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0025
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0025
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0025
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0025
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0025
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0025
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0025
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0025
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0025
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0025
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0025
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0025
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0025
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0025
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0025
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0025
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0025
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0025
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0025
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0025
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0025
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0025
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0025
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0025
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0025
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0025
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0025
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0025
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0025
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0025
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0025
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0025
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0025
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0030
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0030
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0030
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0030
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0030
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0030
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0030
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0030
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0030
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0030
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0030
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0030
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0030
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0030
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0030
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0030
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0030
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0030
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0030
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0030
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0030
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0030
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0030
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0030
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0030
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0030
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0030
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0030
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0030
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0030
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0030
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0035
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0035
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0035
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0035
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0035
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0035
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0035
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0035
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0035
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0035
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0035
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0035
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0040
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0040
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0040
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0040
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0040
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0040
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0040
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0040
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0040
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0040
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0040
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0040
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0040
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0040
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0040
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0040
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0040
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0040
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0040
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0040
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0040
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0040
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0040
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0040
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0040
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0040
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0040
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0040
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0040
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0045
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0045
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0045
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0045
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0045
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0045
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0045
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0045
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0045
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0045
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0045
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0050
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0050
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0050
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0050
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0050
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0050
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0050
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0050
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0050
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0050
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0050
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0050
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0050
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0050
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0050
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0050
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0050
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0050
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0050
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0050
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0050
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0050
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0050
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0050
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0050
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0050
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0050
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0050
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0050
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0050
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0050
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0055
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0055
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0055
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0055
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0055
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0055
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0055
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0055
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0055
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0055
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0055
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0055
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0055
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0055
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0055
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0055
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0055
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0055
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0055
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0055
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0055
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0055
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0060
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0060
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0060
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0060
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0060
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0060
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0060
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0060
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0060
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0060
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0060
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0060
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0060
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0060
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0060
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0060
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0060
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0060
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0060
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0060
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0060
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0060
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0060
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0060
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0060
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0060
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0060
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0060
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0060
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0060
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0065
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0065
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0065
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0065
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0065
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0065
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0065
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0065
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0065
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0065
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0065
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0065
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0065
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0065
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0065
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0065
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0065
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0065
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0065
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0065
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0065
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0065
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0065
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0070
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0070
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0070
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0070
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0070
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0070
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0070
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0070
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0070
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0070
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0070
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0070
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0070
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0070
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0070
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0070
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0070
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0070
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0070
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0070
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0070
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0070
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0070
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0070
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0070
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0070
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0070
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0070
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0070
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0070
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0070
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0070
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0070
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0070
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0075
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0075
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0075
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0075
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0075
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0075
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0075
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0075
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0075
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0075
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0075
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0075
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0075
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0075
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0075
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0075
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0075
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0075
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0075
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0075
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0075
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0075
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0075
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0075
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0075
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0075
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0075
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0075
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0075
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0075
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0075
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0075
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0080
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0080
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0080
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0080
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0080
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0080
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0080
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0080
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0080
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0080
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0085
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0085
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0085
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0085
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0085
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0085
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0085
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0085
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0085
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0085
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0085
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0085
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0085
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0085
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0085
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0085
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0085
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0085
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0085
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0085
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0085
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0085
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0085
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0085
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0085
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0085
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0085
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0085
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0085
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0085
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0085
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0085
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0085
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0085
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0085
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0085
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0090
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0090
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0090
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0090
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0090
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0090
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0090
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0090
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0090
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0090
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0090
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0090
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0090
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0090
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0090
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0090
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0090
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0090
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0090
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0090
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0090
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0090
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0090
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0090
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0090
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0095
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0095
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0095
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0095
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0095
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0095
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0095
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0095
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0095
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0095
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0095
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0095
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0095
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0095
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0095
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0095
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0095
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0095
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0095
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0095
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0095
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0095
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0095
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0095
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0095
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0095
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0095
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0095
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0095
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0100
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0100
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0100
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0100
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0100
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0100
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0100
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0100
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0100
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0100
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0100
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0100
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0100
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0100
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0100
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0100
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0100
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0100
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0100
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0100
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0100
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0100
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0100
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0100
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0105
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0105
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0105
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0105
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0105
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0105
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0105
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0105
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0105
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0105
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0105
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0105
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0105
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0105
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0105
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0105
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0105
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0105
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0105
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0105
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0105
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0110
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0110
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0110
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0110
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0110
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0110
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0110
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0110
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0110
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0110
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0110
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0110
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0110
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0110
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0110
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0110
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0110
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0110
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0110
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0110
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0110
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0110
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0110
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0110
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0110
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0110
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0110
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0110
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0110
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0110
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0115
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0115
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0115
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0115
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0115
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0115
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0115
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0115
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0115
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0115
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0115
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0115
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0115
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0115
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0115
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0115
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0115
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0115
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0115
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0115
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0115
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0115
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0115
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0115
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0115
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0115
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0115
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0120
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0120
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0120
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0120
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0120
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0120
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0120
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0120
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0120
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0120
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0120
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0120
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0120
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0120
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0120
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0120
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0120
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0120
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0120
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0120
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0120
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0120
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0120
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0120
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0120
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0120
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0120
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0125
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0125
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0125
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0125
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0125
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0125
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0125
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0125
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0125
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0125
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0125
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0125
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0125
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0125
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0125
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0125
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0125
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0125
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0125
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0125
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0125
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0125
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0125
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0125
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0130
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0130
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0130
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0130
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0130
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0130
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0130
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0130
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0130
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0130
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0130
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0130
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0130
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0130
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0130
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0130
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0130
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0130
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0130
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0130
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0130
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0130
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0130
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0130
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0130
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0130
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0130
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0130
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0130
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0130
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0135
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0135
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0135
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0135
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0135
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0135
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0135
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0135
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0135
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0135
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0135
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0135
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0135
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0135
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0135
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0135
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0135
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0135
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0135
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0135
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0135
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0135
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0135
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0135
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0140
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0140
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0140
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0140
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0140
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0140
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0140
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0140
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0140
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0140
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0140
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0140
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0140
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0140
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0140
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0140
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0140
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0140
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0140
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0140
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0140
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0140
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0140
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0140
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0140
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0140
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0140
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0140
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0145
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0145
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0145
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0145
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0145
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0145
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0145
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0145
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0145
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0145
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0145
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0145
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0145
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0145
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0145
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0145
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0145
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0145
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0145
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0145
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0145
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0145
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0145
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0150
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0150
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0150
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0150
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0150
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0150
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0150
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0150
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0150
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0150
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0150
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0150
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0150
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0150
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0150
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0150
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0150
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0150
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0150
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0150
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0150
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0150
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0150
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0150
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0150
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0150
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0150
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0150
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0150
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0150
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0150
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0150
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0150
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0150
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0155
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0155
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0155
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0155
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0155
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0155
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0155
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0155
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0155
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0155
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0155
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0155
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0155
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0155
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0155
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0155
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0155
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0155
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0155
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0155
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0155
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0155
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0155
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0155
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0155
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0155
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0155
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0155
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0155
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0155
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0155
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0155
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0160
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0160
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0160
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0160
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0160
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0160
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0160
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0160
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0160
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0160
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0160
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0160
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0160
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0160
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0160
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0160
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0160
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0160
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0160
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0160
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0160
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0160
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0160
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0160
http://refhub.elsevier.com/S0304-3894(13)00652-3/sbref0160

	Nitrate removal from groundwater driven by electricity generation and heterotrophic denitrification in a bioelectrochemica...
	1 Introduction
	2 Materials and methods
	2.1 BES construction
	2.2 BES operation
	2.3 Measurement and analysis

	3 Results and discussion
	3.1 Effects of operating conditions
	3.2 Effects of ion exchange
	3.3 Effect of nitrate concentrations
	3.4 Nitrate removal from actual groundwater
	3.5 Perspectives

	4 Conclusions
	Acknowledgements
	References


