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ABSTRACT; Feasibility of laboratory-scale bio-electrochemical reactor (BER) equipped with a multiple-
electrode system (multiple BER) for treatment of nitrate-contaminated water was experimentally investigated
with special attention to the optimum surface area of cathode. The multiple-electrode system was employed to
enlarge the surface area of cathode so that improved reactor performance could be attained because of high
contact efficiency among electron donor — H,, microorganisms and solution. Hence, the overall removal rate
was increased with the increasing number of cathodes. However, the current-denitrification efficiency gradually
declined with increasing current density. As a consequence, the electric energy consumption per removed
nitrate was increased exponentially with current density. Thus, it was not reasonable to apply high currents for
the multiple BER used in this study. An investigation on the optimum specific surface area of cathode, as a
function of electric energy consumption, was carried out. Increasing number of cathodes resulted in the Ohmic
potential drop due to the increasing distance between anode and cathodes. Also, the surface over-potential
increased with the increasing current density. The appropriate specific surface area of cathode for the bio-
electrochemical denitrification was estimated.
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1. INTRODUTION

A bio-electrochemical reactor (BER) has been studied extensively in recent years. It has usually been equipped
with a couple of electrodes and attached biofilm on a cathode. After applying electric current, H, and O, gasses
are produced from cathode and anode, respectively. Hydrogen gas is supplied to bacteria as an electron donor,
while nitrate is utilized as an electron acceptor.

Earlier studies have investigated the effect of current and/or current density 9 cop ¥, physical property of
electrode and electrode type 91D 61 denitrification rate. In order to develop a practical bio-electrochemical
denitrification system, it is necessary to apply a multi-cathode system rather than a single cathode one to
enlarge the surface area of cathode in order to increase the reactor performance by maintaining the high contact
efficiency among electron donor — Hj, microorganisms and solution.

Most recently, a multi-electrode system ¥ was proposed. The denitrification rate obtained by the electrode
system was so fast that hydraulic retention time (HRT) could be reduced to about 2 hr as a consequence of
enlarged effective surface area of electrode and the formation of low ORP zone in the multi-cathode region.
The experimental results suggested, however, that the electric power consumption per removed nitrogen
increased in multiple BER.

The objective of this study is to investigate the suitability of electrode system for nitrate removal and the
appropriate specific surface area of cathode for the multiple BER from the viewpoint of current-denitrification
efficiency and energy consumption.
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2. MATERIALS AND METHODS

2.1 Bio-electrochemical reactor (BER)

The scheme of the experimental apparatus is shown in Fig. 1. The laboratory-scale reactor was supplied with a

solution containing 15 ~ 40 mg-N/1 of nitrate, which was fed into the cathodic zone and discharged from BER
through the anodic zone.

The multiple BER consisted of 5 sandwich-type cathodes and an inert anode (platinum coated titanium). As

shown in Figure 1, each cathode was composed of three layers — stainless steel mesh; granular active carbons

(GACs), which were connected with the stainless steel mesh to enlarge the surface area of cathode and to attach

bacteria; and porous plexus-glass wall, which was used to prevent the contact among cathodes. The size of

cathode was: width = 10 cm, height = 15 cm and thickness = 0.8 cm. The diameter of a GAC granule was 4 mm

in average. The distance between stainless steel meshes was 1.0 cm and between the downstream cathode and
the anode 2.5 cm.

8 mm Legend:
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Porous wall @ CO; flow meter  foam rubber produced from GACs since they were
@ Feed solution Recycling pump packed with stainless steel mesh. Hence,
%gzg:}lﬁ pump %[C)ucrr::; :estﬁ;ply H, gas clould pe directly suppliefi to the
® Pt-coated anode denitrifying microorganisms. To increase
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The cathodes were connected in
series with the anode. Electric current
density of each cathode was controlled
independently and the same current
density was delivered to each cathode.
Current density was defined as electric

. current divided by the cross-section of
Fig. 1. Experimental apparatus used in this study. reactor (4 = 150 sz).

Porous sponge-foam rubber was placed
between the cathodic and the anodic zone to prevent the mixing of H, and O, bubbles produced by the
electrolysis of water. BER was operated in a flow-through mode, where water flowed through the openings in
electrodes with size of several mm. The volume of BER was 1.2 | with a void volume of 0.6 1. The effective
surface area of each electrode was considered as a cross-sectional area of electrochemical cell. The total surface
area of the cathode and the anode was 750 cm® and 150 cm?, respectively.

2.2 Analytical methods

Analyses were performed on daily basis. Nitrate and nitrite concentrations were measured by an ion
chromatograph (IC 7000 Series II, Yokogawa Analytical Systems). ORP and pH were measured by an ORP/pH
meter (UC 23, Central Kagaku). Dissolved oxygen was analysed by a DO meter (UC 12, Central Kagaku) and
the conductivity by a conductivity meter (SE 12, Horiba).
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3. RESULTS AND DISCUSSION

3.1 BER performance

Figure 2 shows the performance of the studied multiple BER. The experiment was conducted in eight runs. In
each run, for the set current density and the influent concentration of nitrate, an appropriate HRT was adjusted
according to the overall denitrification reaction in BER as follows:

NOs + 5¢ + 3H,0 = % N, + 6 OH 6

At the beginning of experiment, the effluent concentration of NO;  exceeded that of WHO guideline for
drinking water (NO3 = 10 mg-N/1). The reason was high pH (pH = 9 ~ 12) due to the production of OH  in the
cathodic region (see reaction (1)). CO, was thereby fed into the system to keep pH around neutrality. It
promptly resulted in an improved quality of effluent in Run 1 with the average effluent NO5™ concentration of
around 5.0 mg-N/I. NO,” was often detected in Run 1 (Fig. 2), but it was no longer detected once pH was
corrected.

From Runs 2 to 5, the influent NO;™ concentration was reduced in step-wise manner to maintain the effluent
NOs;™ = 10 mg-N/1. Also HRT was reduced with increasing current density from 6 hr in Run 1 to 20 min in Run
6 (see Fig. 2). The denitrification rate in Run 1 through 6 was 3.7, 5.6, 5.9, 6.8, 11.3 and 10.4 mg-N/hr,
respectively. The denitrification rate was increasing with increasing electric current and decreasing HRT, until
it reached the maximum in Run 5. Then the denitrification rate and the concentration of decomposed NOy
started to decline (Fig. 2) due to the decreasing current-denitrification efficiency discussed in detail in section

{Run | 1 [ 2 | 3 [a]skm 3 1 3.3.
8 24 o~
5 HRT 20 ?E_

£ 162 3.2 Role of CO; in multiple BER
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NOs™-out . 2-

5 production of CO;” could be neglected
0 h 50"" AR o pot ”~ and thus it was not considered in the

calculation. According to the reactions

(1) through (3) we can calculate CO,
Fig 2. Time course change of effluent NO;  and NO, in BER feeding rate [mmol/sec]:

equipped with the multiple electrode system.

Time (day)

64
co, = SaFl “)
-1
C. K
where « is: a=]10+FH-4 22 (5)
K
1 HY

A is the cross-sectional area of electrochemical cell (4 = 0.015 mz), a is the fraction of HCO; in total CO;

species [-], F is Faraday constant [C/mol], i is current density [A/m?], C 4+ is the concentration of H' (C b=
107 mol/l), K; and K; are the dissociation constants of carbon dioxide and bicarbonate, respectively (K; =
4.4x107 and K, = 4.69x10™") ', The feeding of CO,, as a function of current density, is shown in Fig. 3. Eq.

(4) is represented by the solid line and the measured experimental values by the square points. Fig. 3
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demonstrates a very good agreement between the calculated and the measured values and thus confirms the

validity of Eq. (4).
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Fig. 3. CO, gas feeding rate.

C =

HCO5

where Q is the volumetric flow rate (cm’/s).
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This electrolyte does not only buffer pH but also can
carry electric current as H' and/or OH do. OH
produced at cathode is captured instantaneously by
CO; and carried by HCO5 ), Hence, the conductivity
of the solution is improved due to the CO, feeding,
which is expressed by the following equation:

K=Ky + A peo: Creo; ©®
where xp is the conductivity of influent (k, = 0.21

mS/cm), A _ is molar conductivity of HCOj'. For a

HCO,

dilute solution we can approximate AHCO . o=
3

Aluco; (A kco,- is molar conductivity at infinitive

dilution = 41.5 S m*mol). C 4co- 1s the concentration
3

of HCOj , which is defined as follows:

™

3.3 Current-denitrification efficiency and denitrification rate

The current-denitrification efficiency (¢) was calculated based on the measured values of volumetric flow-rate,

influent and effluent concentrations of NO3y (C

n
NO;

and C?2 ), as well as the total current (7). It was

calculated from the following equation based on reaction (1):
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Fig.4. Current-denitrification efficiency and denitrification rate.
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Based on Eq. (9), ¢ varies with the changing current density. Thus, we can observe that ¢ is gradually declining
with increasing current density. The calculation was verified by ¢ attained in the former BER studies RS

The overall denitrification rate (R ©vo.- ) Was expressed by the following equation [mmol-N/sec]:
3

AL Lo

R .= 10
No© T 44 SF 5F (10

where i, is the electric current density of electrode couple j [A/m?).

When electric current is increased, the H; gas production is enhanced. Therefore, one can also expect enhanced

NO; removal according to Reaction 1. This would be true, if the removal efficiency was 100%. Since the

current-denitrification efficiency declined with the rising current, as it was mentioned above, RNO_ was
3

smaller than expected by Reaction 1 (see Eq. (10) and Fig. 4). Moreover, we can observe from Fig. 4 that

R N~ started to decline after the current-denitrification efficiency dropped bellow 50%. The decline of R VO~
3 3

may be explained by the inhibition of bacterial activity due to high pH at the surface of cathode under high
current densities. Thus, bacteria did not utilize part of the produced H, gas, which suggests that it was not
reasonable to apply high current for multiple BER used in this study.

3.4 Energy consumption

Energy consumption, or requirement to treat a unit concentration of nitrate, was expressed by:

A SF
W,.=—Ve.i =— V¢ (11)
T No;; it ne & J

where Wr is the total energy consumption [J/mol-N], ¢ is the electric potential drop between anode and cathode
J V]

The electric potential drop is comprised of
the potential of water electrolysis (g = 1.2

120 — . ;
: i | V), the Ohmic potential drop and the
100 E 1250A/Mm% g =g) + " /Jl +1, surface over-potential (7;), as follows:
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potential dependent on the property of

Fig. 5. Total electric potential. electrochemical cell, is a driving force

required to make the electrode reactions

proceed at an appreciable rate %, We assumed that 7, is a difference between the Ohmic potential and the

experimental values (see Fig. 5). A logarithmic function was chosen to correlate the experimental values since
7, typically has a logarithmic characteristic 0,
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where a and b are constants (a = -45 and b = 65) estimated by the interpolation of experimental results shown
in Fig. 5 with Eq. (14).

The decreasing contact between solution and
electrodes caused the development of surface
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at higher current densities, the H, production
rate increases and the generated H, starts to
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in biofilm, which brought about a decrease of
Fig. 6. Energy consumption. the contact between solution and electrodes.

The evolution of energy consumption is
shown in Fig. 6. The energy consumption rises exponentially due to the declining removal efficiency (see Eq.
(11)). The calculation was compared with the experimental values observed in this study as well as with those
obtained in the former BER studies ¥ ? ¥ 7 ¥ Fig. 6 demonstrates a very good agreement between the
calculated and observed values. Since higher current densities were not used in the former BER studies, we
could not compare the calculation in wide range.

3.5 Optimum specific surface area of cathodes

The specific surface area of cathode (a) was investigated by relating it with the current-denitrification
efficiency and electric energy consumption, since they directly indicate the operating cost of the process. The
specific surface area of cathodes was defined as a number of cathodes multiplied by the cross-sectional area of
reactor and divided by the volume of reactor.The optimum specific surface area of cathode was investigated for
the following input data: total current - It = 10; 60; 90; 120; 180; 250; 300 mA and influent nitrate

concentration - C’;O _= 15 mg-N/I. The same type of multiple BER with the same dimensions and distances

among electrodes as in the experiment was considered. According to the experiment, it was also assumed that
each cathode would be controlled independently, and the same electric current would be applied for each
couple of electrodes. The investigation was carried out for the number of cathodes ranging from 1 to 16. The
current-denitrification efficiency was estimated from Eq. (9) for each set of conditions (different electric
current and different number of cathodes), denitrification rate from Eq. (10), the energy consumption was
calculated from Eq. (11), electric potential from Eq. (12) ~ (14). The parameters in Eq. (9) and (14),
respectively, were regarded as the same as in the previous sections. The calculation was verified by the
efficiency and energy consumptions achieved in this study and in the former BER studies A9 The result
illustrated in Fig. 7 shows a good agreement between the calculated and the measured values, and thus confirms
the validity of calculation.

The current-denitrification efficiency depends on two factors: total current and specific surface area of cathodes.
As shown in Fig. 7, with increasing electric current, the efficiency decreased, on the other hand, the larger
specific surface area resulted in higher efficiency. Both outcomes can be explained by Eq. 9. Increasing specific
surface area is reflected in larger surface area of cathodes and consequently in decreasing current density.
Furthermore, enlarged specific surface area of cathode increases the contact efficiency among electron donor —
Ho, biofilm and solution. Hence, increasing specific surface area of cathode improves the current-denitrification
efficiency.



Increasing number of cathodes caused a rise in the Ohmic potential drop due to the increasing distance between
the anode and the cathodes. On the other hand, the increasing number of cathodes resulted in enlarged surface
area of cathode and consequently in lower cathodic current density, which positively affected the current-
denitrification efficiency. These two opposing factors caused that the energy consumption reached its minimum
at higher number of cathodes with increased electric current. The minimum energy consumption is represented
by the bold solid line in Fig. 7.
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Fig.7. Current-denitrification efficiency and energy consumption dependent on the number of
cathodes inserted into BER.

4. CONCLUSIONS

A bio-electrochemical reactor equipped with a multiple-electrode system was investigated using a laboratory-
scale apparatus for a treatment of nitrate-contaminated water. The following results were obtained:

(1) A multi-cathode system was employed rather than a single cathode one to enlarge the surface area of
cathode in order to increase the reactor performance by maintaining the high contact efficiency among
electron donor — H,, microorganisms and solution. Hence, the overall removal rate was increased with the
number of cathodes. However, the current-denitrification efficiency gradually decreased with increasing
current density. As a consequence, the electric energy consumption per removed nitrate exponentially
increased with increasing current density. Thus, it was not reasonable to apply high currents for the
multiple BER used in this study.

(2) An investigation on the optimum specific surface area of cathode, regarded as a function of electric energy
consumption, was carried out. Increasing number of cathodes caused a rise in the Ohmic potential drop due
to the increasing distance between anode and cathodes. Also, the surface over-potential increased with
increasing current density. Based on which the appropriate specific surface area of cathodes for the bio-
electrochemical denitrification was estimated.
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