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Electrochemical removal of nitrate using ZVI packed bed bipolar electrolytic cell
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" The packing ratio of 1:1 and 2:1 (sand:ZVI) showed better current efficiency.
" The feed flow rate of 30 mL min�1 showed optimum current efficiency.
" Effluent pH was proportional to nitrate influx concentration.
" The nitrate was converted to ammonia as final product of nitrate reduction.
" The magnetite was found on the surfaces as corrosion products of ZVI.
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The present study investigates the performance of the zero valent iron (ZVI, Fe0) packed bed bipolar elec-
trolytic cell for nitrate removal. The packing mixture consists of ZVI as electronically conducting material
and silica sand as non-conducting material between main cathode and anode electrodes. In the continu-
ous column experiments for the simulated groundwater (initial nitrate and electrical conductivity of
about 30 mg L�1 as N and 300 lS cm�1, respectively), above 99% of nitrate was removed at the applied
potential of 600 V with the main anode placed on the bottom of reactor. The influx nitrate was converted
to ammonia (20% to maximum 60%) and nitrite (always less than 0.5 mg L�1 as N in the effluent). The
optimum packing ratio (v/v) of silica sand to ZVI was found to be 1:1–2:1. Magnetite was observed on
the surface of the used ZVI as corrosion product. The reduction at the lower part of the reactor in acidic
condition and adsorption at the upper part of the reactor in alkaline condition are the major mechanism
of nitrate removal.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

Nitrate contamination in groundwater has become an ever-
increasing and serious environmental problem since 1970s. The
excessive application of fertilizers in agriculture causes the infiltra-
tion of large quantities of nitrate into underground and surface
water (Zhou et al., 2007). The international drinking water quality
standards recommended 50–100 mg L�1 as an acceptable level for
nitrate (Koparal and Öütveren, 2002; Choi et al., 2009) and the
maximum contaminant level (MCL) was set by EPA for nitrate of
10 mg L�1 as N. Nitrate is very difficult to be removed by precipita-
tion and adsorption because it is seldom complexed with cations.
Conventional drinking water purification processes including floc-
culation, sedimentation and filtration appear to show no measur-
able effects for nitrate removal (Paidar et al., 2002; Zhou et al.,
2007). Physical and chemical methods such as reverse osmosis,
chemical denitrification and electrodialysis have been developed
ll rights reserved.
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for elimination of nitrate from water (Follett and Hatfield, 2001).
However, these nitrate removal processes have various limitations
and are particularly not suitable for small communities that suffer
nitrate contamination of the groundwater of their wells. To over-
come these problems, electrochemical technologies have become
studied for the removal of nitrate (Lacasa et al., 2011). Electro-
chemical methods through the selective nitrate reaction have sev-
eral advantages: no requirement of chemicals before and after the
treatment, production of the fewer amounts of sludge, small area
demand and low investment cost (Koparal and Öütveren, 2002).
The electrokinetic method is applicable to any electrically charged
organic or inorganic species in water. In the electric field, positively
charged ions migrate towards the cathode and negatively charged
ions migrate towards the anode. The nitrate was attracted towards
and concentrated near the anode in the electrical field and it would
even retain nitrates with artificial flow (Eid et al., 1999). When the
potential is applied, reactions (1) and (2) take place at the anode
and cathode with electrolysis of water. If the produced ions are
neither removed nor neutralized with other chemical reaction,
these reactions lower the pH at the anode and raise it at the cath-
ode (Probstein and Hicks, 1993):
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Table 1
The properties of simulated groundwater (based on the compositions of the
groundwater in stock farming community).

Parameter Value

pH 6.8–8.0
Electrical conductivity 249–369 lS cm�1

Nitrate 28.5–32.2 mg L�1 as N
Temperature 17.3–25.1 �C
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2H2Oþ 2e� ! H2 ðgÞ þ 2OH� ð1Þ

2H2O! O2 ðgÞ þ 4Hþ þ 4e� ð2Þ

For electrolysis, there are two different electrode configura-
tions, namely monopolar and bipolar. In the monopolar mode, all
the electrodes are alternately tapped by electricity, whereas in
the bipolar mode, only the electrodes at both ends are connected
to electricity. Bipolar electrodes have been used in industrial reac-
tors for applications such as electrosynthesis and water splitting
and also for increasing fuel cell performances (Loget and Kuhn,
2011). The advantages of bipolar electrolysis are that it can pack
as many as electrodes in a given space and the ohmic drop is low
since the cathode and anode are located in the vicinity. However,
these electrodes are limited in operating life because the structure
finally agglomerates into a solid mass and clogs of the bed
(Hadžismajlović et al., 1996). For efficient bipolar electrolysis, the
electrolyte solution should have low electrical conductivity
(Juvekar et al., 2009).

In this study, nitrate in a simulated groundwater was treated by
the electrochemical method using ZVI packed bed bipolar electro-
lytic cell. Characteristics of electrolysis were investigated using
multiple continuous experiments to find out the better operation
parameters such as electrode position, packing ratio and flow rate
(retention time). Performance of these reactors was also discussed
with electric current consumption and reaction products of ZVI.
2. Materials and methods

2.1. Set-up and procedure

The electrolytic cell is composed of a number of electro-conduc-
tive particles packed between two main electrodes, and each par-
ticle works as an electrode. ZVI was used not only as conductive
particles but also as an electron donor. The silica sand was used
as non-conductive particle because it unlikely interferes with the
nitrate reduction by ZVI (Huang and Zhang, 2005). Fig. 1 shows
the schematic diagram of ZVI packed bed bipolar electrolytic cell.
Fig. 1. The schematic diagram of ZVI packed bed bipolar electrolytic cell (not to sca
The reactor was made of a cylindrical acrylic resin (8 cm inner
diameter, 20 cm height), and the bed volume was 1 L (HRT was
36 min at flow rate of 10 mL min�1). The cathode was placed on
the top and the anode was placed on the bottom of the reactor with
cork gaskets for keeping water tightness between flanges. To
achieve uniform flow in the reactor, the feed solution was injected
in upward direction by using a peristaltic pump. To improve flow
distribution, spherical glass beads (5 mm diameter) were packed
at the bottom of reactor. The simulated groundwater was synthe-
sized based on the compositions of the groundwater in a small
community that are polluted with nitrate about 30 mg L�1 as N
due to stock farming. The main characteristics of simulated
groundwater are given in Table 1. All aqueous solutions were pre-
pared using deionized water. The porosity of the silica sand-ZVI
mixture bed was measured to be 36%.

2.2. Chemicals and materials

Sodium nitrate (NaNO3 > 99.0%, guaranteed reagent, Junsei) and
sodium chloride (NaCl > 99.0%, ACS reagent, Sigma–Aldrich Inc.,
USA) as electrical conductivity adjustment were used for making
simulated groundwater contaminated with nitrate. A peristaltic
pump (Easy-load� II, Cole-Parmer Instrument Co.) and tubing
(4.8 mm inner diameter, 96410-25, Masterflex�) were used to feed
the solution uniformly. Sphere type of ZVI (Fe > 98.4%, 0.6 mm
diameter, Sanga Co.) and silica sand (<0.3 mm diameter, Joomoon-
jin silica sand Co.) were used as packing materials (780 g of silica
sand and 1340 g of ZVI were used for each experiment). Direct
le) (reactor volume, 1 L; porosity, 36%; HRT, 36 min at flow rate 10 mL min�1).
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current (DC) power supply (XG600-2.8, Sorensen) was used to ap-
ply potential 600 V to the reactor and to check the electric current
consumption. The nitrate removal kinetics was faster in the higher
voltage; however the voltage was determined 600 V because volt-
age could not elevate unlimitedly. Adequate safety precautions
were taken with respect to power supply. Platinum clad niobium
netting was used as an anode to avoid sacrificial anode and stain-
less steel netting was used as a cathode (an electrode gap of
200 mm).

2.3. Analytical methods

In all experiment, all samples obtained at the top of reactor un-
less otherwise specifically stated were analyzed after filtration
with 0.45 lm syringe filter. Nitrate, nitrite and ammonia were
measured by a HACH model DR-2800 spectrophotometer (APHA,
1998). To observe the particle size and morphological surface
changes, field emission scanning electron microscope (FESEM,
SUPRA 55VP, Carl Zeiss) was used at 2 kV of acceleration voltage.
X-ray diffraction (XRD) was performed on a Bruker AXS D8
Advance (CuKa source, 40 kV, 40 mA) and analyzed with the EVA
software. The diffraction was measured between 2h angle of
5–80� with step size of 0.06� and scan rate was 2� min�1.

Current efficiency was calculated by Faraday’s law of electroly-
sis as shown in the following equation:

Effective currentðIEÞ ¼
ðCin � CoutÞ � z� V � F

t �M
ð3Þ

Currentefficiency ¼ IE

I
� 100 ð4Þ

where Cin and Cout are the input and output concentration after time
t of nitrate (mg L�1 as N), z is the valency number of ions of the sub-
stance, V is the 1 pore volume of reactor (L), F = 96,485 C mol�1 is
the Faraday constant, t is the total electrolysis time with 1 pore vol-
ume (s), M is the molar mass of the substance (g mol�1) and I is the
actual current applied at the reactor (A). When the current effi-
ciency was calculated based on measured current, it can be lower
than the theoretical value because the value does not consider the
electrolysis of water.

3. Results and discussion

3.1. Effect of main electrode configuration

Fig. 2 shows the removal efficiency (C/C0) and pH of samples ta-
ken at the middle and the top of the reactor from two different
configurations of main electrodes: (a) main anode net and (b) main
cathode net at the bottom of reactor with packing ratio 2:1 (silica
sand:ZVI), flow rate 10 mL min�1, initial nitrate concentration
30 mg L�1 and 600 V. The maximum removal rate of 95% at the
top of the reactor was observed in case that the anode net was
placed at the bottom of the reactor. In this case, pH has risen to
10.4 at the middle of reactor and 11.0 at the top of reactor. The
pH rose seems due to consumption of hydrogen ions during the
nitrate reduction with iron corrosion as described in Eqs. (5)–(9).
Almost all of nitrate was removed after 2 h before passing the mid-
dle part of the reactor. This indicates that the anode placed at the
bottom of reactor made the ZVI particles under the middle point
corroded to provide a suitable environment for reduction of ni-
trate. A slight pH increase from middle to top is due to the cathodic
action described in Eq. (1):

NO�3 þ Fe0 þ 2Hþ ! Fe2 þþH2Oþ NO�2 ð5Þ

NO�3 þ 4Fe0 þ 10Hþ ! 4Fe2þ þ NHþ4 þ 3H2O ð6Þ
2NO�3 þ 5Fe0 þ 12Hþ ! 5Fe2þ þ N2 ðgÞ þ 6H2O ð7Þ

NO�2 þ 3Fe0 þ 8Hþ ! 3Fe2þ þ NHþ4 þ 2H2O ð8Þ

2NO�2 þ 3Fe0 þ 8Hþ ! 3Fe2þ þ N2 ðgÞ þ 4H2O ð9Þ

On the contrary, when the cathode was placed at the bottom of
the reactor, nitrate was not nearly removed up to the middle of the
reactor and only 55% of nitrate was removed from the middle to
the top. At this configuration of main electrodes, the cathode at
the bottom nearly could not corrode the ZVI particles under the
middle point. The reductive reactions of nitrate described in
Eqs. (5)–(9) could not be proceeded without corrosion of ZVI. The
cathode net and the ZVI bipolar electrodes under the middle point
merely reduced water to produce hydroxide ions as shown in Eq.
(1), thereby increasing the pH to around 11. The ZVI particles near
the top of the reactor could be corroded by the anode net placed on
the top but not as much as at the other configuration. So nitrate
was reduced as much lower at this configuration. The pH was de-
creased to 8.7 at the top after 3 h because the anode net and nearby
ZVI bipolar electrodes partially oxidized water to produce protons
as described in Eq. (2). The corrosion of iron particles seems to be
an important step for efficient reduction of nitrate in this bipolar
cell. Therefore it can be concluded that placing anode at the bottom
was much more effective for reduction of nitrate than placing cath-
ode at the bottom because the former configuration could corrode
ZVI particles more efficiently.

3.2. Effect of packing ratio

Fig. 3 shows the removal efficiency (C/C0) and pH (a), tempera-
ture (b), current (c) and current efficiency (d) at different packing
ratios of silica sand to ZVI. Bipolar reactors with five different pack-
ing ratios (v/v) of silica sand to ZVI (silica sand only, 4:1, 2:1, 1:1,
and 1:2) were examined to determine the optimal packing ratio
(flow rate 10 mL min�1 and 600 V). When the simulated ground-
water with nitrate of 30 mg L�1 as N was injected into the reactor
from bottom, maximum removal efficiency of 84% was obtained in
the packing ratio 1:2 (silica sand to ZVI) at 40 min (Fig. 3a), and the
maximum current efficiency of 16% was obtained in the 1:1 at
60 min (Fig. 3d). At the later stage of the operation, removal effi-
ciency for all packing ratios was almost converged to around
70%. Initial kinetic of nitrate removal was faster but the electricity
consumption was higher at the higher content of ZVI in the mix-
ture (in case of 1:2 Fig. 3c). Reactors with no ZVI, operated at the
monopolar mode, showing similar kinetics of nitrate removal at
the initial stage but with very high temperature and high electric-
ity consumption. At this time, the reaction will occur at the main
electrode. However, it does not facilitate electron transfer because
it will not have enough electrolytes in the solution and, electrode
gap is wide. Thus, efficiency will drop although high voltage is ap-
plied because of electrolysis of water. Further operation could not
be proceeded due to excessively violent reaction. In all cases, the
nitrite was less than 0.5 mg L�1 as N and the ferrous iron was mea-
sured around 1 mg L�1 in effluent. Based on the results of this
experiment, the packing ratio between 1:1 and 2:1 was deter-
mined as the optimum ratio because higher current efficiency
was observed. At these ratios, each ZVI particle was well separated
which were present to maximize the contact area between nitrate
and ZVI and an individual particle acted more like a tiny electro-
lytic cell than 4:1 or 1:2 ratios.

3.3. Effect of inflow nitrate concentration on effluent pH

By positioning the cathode at the top of the reactor, pH value of
the effluent was 9.5–10.0 due to hydroxide ions generated by elec-



Fig. 2. The removal efficiency (C/C0) of nitrate and pH with different electrode position, anode at the bottom (a) and cathode at the bottom (b) (initial concentration,
30 mg L�1 as N; packing ratio, 2:1; potential, 600 V; flow rate, 10 mL min�1).

Fig. 3. The removal efficiency (C/C0) and pH (a), temperature (b), current (c), and current efficiency (d) with different packing ratios (initial concentration, 30 mg L�1 as N;
potential, 600 V; flow rate, 10 mL min�1).
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trolysis when no nitrate was added to the reactor. The pH was
about 10.8 when nitrate was added at the concentration of
30 mg L�1 as N. Although the results of other influent concentra-
tions which are not presented in figures, when the simulated
groundwater contained nitrate of 90 mg L�1 and 270 mg L�1 as N,
the pH values of the effluent were about 11.2 and 11.6, respectively
at the packing ratio of 2:1 (silica sand to ZVI), flow rate of
10 mL min�1 and 600 V. The removal efficiency at 40 min was
92% and 88%, respectively. The reduction of nitrate that mediated
by oxidation of ZVI as shown in Eqs. (10)–(12) produced hydroxide
ions of which the amount was stoichiometrically increased with
the increase of the input concentration of nitrate. Thereby the pH
as well as the current was proportionally increased with addition
of more nitrate into the reactor due to the effect of increased
electrolyte. Thus, the increased electric current will cause the
increase of temperature.

6NO�3 þ 10Fe0 þ 3H2O! 5Fe2O3 þ 6OH� þ 3N2 ðgÞ ð10Þ

2NO�3 þ 5Fe0 þ 6H2O! 5Fe2þ þ N2 ðgÞ þ 12OH� ð11Þ

NO�3 þ 4Fe0 þ 7H2O! 4Fe2þ þ NHþ4 þ 10OH� ð12Þ
3.4. Effect of loading rate

To examine the capacity of the reactor in removing nitrate, input
flow rates were increased gradually (10, 20, 30 and 40 mL min�1) at



Fig. 4. The removal of residual nitrate and pH (a), ammonia in effluent (b), current (c), and current efficiency (d) at different flow rates (initial concentration, 30 mg L�1 as N;
potential, 600 V; packing ratio, 2:1).
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the packing ratio 2:1 and 600 V. Fig. 4 shows the variation of resid-
ual nitrate and pH (a), ammonia in effluent (b), current (c) and cur-
rent efficiency (d) over time at different flow rates. The pH was
maintained 10.7–10.8 at effluent in all experiments (Fig. 4a) and
current increased with the lapse of time (Fig. 4c). Higher feed of
the simulated groundwater at the normal temperature was ex-
pected to cool the generated heat in the reactor more efficiently.
However, higher feed also loads more nitrates and electrolytes to
the reactor, thereby generating more heat with increase of bypass
current. For these reasons, there exists an optimal value of the feed
flow rate. The reactor had been operated for all cases until the tem-
perature reached 80 �C because the operation above the tempera-
ture could not be continued due to turbulent conditions
generated by excess amount of gas bubbles and heat. The optimal
flow rate was determined to be 30 mL min�1. At this flow rate, ni-
trate was consistently removed below 10 mg L�1 as N, and current
efficiency was the highest among them (Fig. 4d). At the flow rate of
40 mL min�1, nitrate was removed similarly but current and tem-
perature were increased sharply. The removal efficiencies of all
reactors was gradually increased. The maximum removal efficiency
was observed to be 99% at 20 mL min�1. The gradual increase of re-
moval efficiencies should be an outcome of elevated temperature
since kinetics of nitrate reduction is accelerated by temperature in-
crease (Ginner et al., 2004).

3.5. Examination of used ZVI particles

Fig. 5 shows the FESEM of the original surfaces of ZVI (Fig. 5a)
and the used ZVI that were sampled from the upper part of the
reactor after completion of the previous (at flow rate 20 mL min�1)
experiment. This analysis observed a disk like structure (Fig. 5b)
and iron oxides having crystal (Fig. 5c) and spherical structure
(Fig. 5d). Magnetite (Fe3O4), lepidocrocite (c-FeOOH), maghemite
(c-Fe2O3), hematite (a-Fe2O3) and green rust (mixed valence FeII–
FeIII hydroxyl salts) are known as the major corrosion products of
ZVI (Huang and Zhang, 2005). According to the XRD result of
Fig. 5e, magnetite seems to be the major corrosion product in this
system, and other researchers have also reported magnetite as cor-
rosion product (Krajangpan et al., 2008; Kassaee et al., 2011).
Aqueous ferrous ion and its precipitate such as iron (II) hydroxide
might promote the formation of magnetite coated onto the surface
of iron grains, which would greatly enhance transformation of ni-
trate to ammonium and nitrogen gas as described by the Eqs. (13)
and (14) (Huang and Zhang, 2005; Correa et al., 2006).

NO�3 þ 2:82Fe0 þ 0:75Fe2þ þ 2:25H2O

! NHþ4 þ 1:19Fe3O4 ðsÞ þ 0:5OH� ð13Þ
15FeðOHÞ2 ðsÞ þ 2NO�3 ! 5Fe3O4 ðsÞ þ N2 ðgÞ þ 2OH� þ 14H2O ð14Þ

Nitrite, nitrogen gas and ammonia are possible products of the
nitrate reduction as described in Eq. (5)–(14) (Chew and Zhang,
1999; Kassaee et al., 2011; Zhang et al., 2011). Nitrite derived by
reduction of nitrate can cause disease and various health disorders
such as birth defects. Nitrate was converted to nitrite in the first
stage. But fortunately, nitrite is rapidly consumed upon further
electrolysis (Peel et al., 2003). Above all, ammonia and nitrogen
gas were known as the end products of nitrate reduction (Huang
et al., 1998; Chew and Zhang, 1999). In all experiments, the influx
nitrate was converted to ammonia of 20% to maximum 60%, and
the conversion rate showed a decreasing tendency over time
(Fig. 4b). Such a low conversion rate is mainly due to stripping of



Fig. 5. The FESEM micrograph of iron surface with magnification 50 K: original surface of ZVI (a), disk like structure (b), crystal (c), and spherical structure (d). XRD pattern of
the oxidized ZVI (e).
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ammonia at high pH and temperature. Direct adsorption of nitrate
on corrosion products of ZVI also might be a minor reason for low-
er ammonia recovery.

3.6. Nitrate removal mechanism

The removal mechanism of nitrate in this system is illustrated
in Fig. 6. When the simulated groundwater was passing through
the anode in the bottom of reactor, transportation of nitrate to
cathode could be retarded due to the electrical migration and then
nitrate could be reduced more easily by the generated electrons in
the regions near anode. Furthermore, acidic environment near the
anode due to generated hydrogen ions with electrolysis of water
can accelerate the corrosion of iron, whereupon nitrate reduction
also would be accelerated. Extending the range of acidic environ-
ment from the bottom of the reactor is able to hinder formation
of iron oxides. It extends the operation time and increases the
active surface of ZVI particles. As the flow progresses, the upper



Fig. 6. Illustration of nitrate removal mechanism for electrolytic cell.
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part of the reactor gradually becomes alkaline with reaction of
iron. Under these pH conditions, the nitrate is removed by adsorp-
tion onto the iron oxide and hydroxide with electrocoagulation
process. The ferrous ion generated by corrosion of ZVI can take
many forms of magnetite and other oxide during passing through
the cathode, which might remove a small amount of nitrate by
adsorption (Hsia et al., 1994). Also, a part of ammonia generated
by nitrate reduction process is stripped by generated oxygen gas
at anode.

4. Conclusions

Placing anode at the bottom was much more effective for reduc-
tion of nitrate than placing cathode at the bottom because the for-
mer could corrode ZVI particles more efficiently. The reactor of the
packing ratio of 1:1 and 2:1 (silica sand:ZVI) showed better current
efficiency. At higher ratio of ZVI in a mixture, fast initial kinetic was
observed but current efficiency was decreased due to high current.
The feed flow rate of 30 mL min�1 showed optimum current effi-
ciency which means that maximum nitrate was removed at con-
sumption of minimum current. Effluent pH was proportional to
nitrate influx concentration. Ammonia which is the final product
of nitrate reduction was 20% to maximum 60% of nitrate influx
and magnetite was found on the surfaces as corrosion products
of ZVI. Thus the ZVI packed bed reactor at which anode is placed
at the bottom with upward flow seemed to be suitable for the
treatment of anionic pollutant that is removable by reduction
and adsorption, especially with low concentration.
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