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Water treatment systems are used globally to reduce environmental impacts or to provide potable water,
thus fulfilling established water quality standards. Electrocatalytic nitrate removal is a promising tool to
address upcoming problems related to nitrate contamination. This study compares the employment of a
low cost CuSn6 based catalyst with a noble metal Cu - Pd catalyst in a laboratory and a continuously
operating pilot apparatus to treat nitrate contaminated water from a well. In contrast with common
applications, a saturated carbonic acid was used as the anolyte solution, which stabilized the pH in the
anode compartment as well as in the cathode compartment. The best performance, as determined by
nitrate removal and nitrogen transfer into the gas phase, was reached with a specific current of 1.16 A
m-2 for the laboratory apparatus and 1.53 A m2 for the pilot plant apparatus. However, other parameters
such as pH (influenced by anolyte solution) and catalyst selection also had an impact on the nitrate
reduction performance with the consequence that process optimization should be realized on-site while
running a pilot plant. Process gas analysis by mass spectroscopy revealed the presence of hydrogen,
which suggests that a combination of the system with heterogeneous catalysts should be used for
additional nitrogen reduction at potential free surfaces.
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1. INTRODUCTION

Much attention has been paid to the presence of nitrogen compounds in aquatic systems for many
decades. The biological removal of nitrogen in wastewater treatment systems today is well established
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and contributes to mitigation of human impacts that originate in urban areas with high population
density. At the same time, food production for the human population leads to the negative impact of
nutrient leaching into water bodies, due to excess use of fertilizer with the intent of maximising land
productivity. In addition, recent strategies to produce biofuels in parallel further drives fertilizer use and
impact. Therefore, there is a need for potable water to be treated for ubiquitous nitrate contamination
because its negative influences on human health. In Mexico there are no official reports on the percentage
of wells contaminated with nitrates, however, problems are frequently observed when irrigation runoff
is used to recharge aquifers, which exhibit nitrate concentrations of over 140 mg L™ [1]. In the United
States of America, elevated nitrate concentration caused by anthropogenic activities is reported in 4.4%
of monitored wells [2]. Germany reported nitrate contamination in 49.5% of 739 monitoring wells to the
European Union, while in the European Union only 14.4% of wells exceeded the human health
benchmark of 50 mg NO3™ L™* [3]. In Germany, which has a dense potable water distribution system, the
simplest way to deliver potable water that fulfils legislative requirements is by blending contaminated
streams with unpolluted streams. However, frequently potable water has to be treated by applying
alternative technologies like ion-exchange, electrodialysis, or membrane separation [4]. Each of these
systems only removes nitrate from the potable stream and creates a parallel second nitrate enriched
stream, for membrane separation, or a highly concentrated nitrate stream, for ion-exchangers running in
regenerating mode.

As with the denitrification step in biological treatment, nitrates can be reduced to molecular
nitrogen using a catalytic process as described in an early work by VVorlop and Tacke [5]. In contrast, the
hydrogen necessary for the reduction reaction can be produced in situ when using electrolysis. In this
electrochemical reaction the surface of the cathode has catalytic properties and consequently the nitrate
adsorbed to the cathode is reduced. Such an experimental setup was patented by the authors [6] and
further investigated by different research groups [7-9]. Nitrate reduction using platinum cathodes in
strong alkaline solutions was reported even earlier [10-13], while nitrate reduction using platinum in
acidic media is also possible and reported frequently [14]. Other materials with catalytic properties for
nitrate reduction in acidic solutions are Pt/Rh, Pt/Ir, Pd-Sn, Ag, Au and Cu [15, 16]. However, potable
water production calls for catalysts with the ability to reduce nitrates in neutral media.

Studies on nitrate reduction in neutral media have shown that the following metals can be used:
copper [17], iridium [9, 18], palladium [19], rhodium [20], and alloys of these elements with Pt, Zn and
Sn [21]. In spring water, other ions present act in competition with NOs™ and NO>™ for adsorption to the
catalytic surface and make performance predictions difficult without pilot experiments. Due to the
different oxidation states of nitrogen during reduction, various byproducts can be built up and thus
catalyst choice becomes an important task. In addition, when nitrite is further reduced to nitrogen the
selected catalyst can slow the process even more, which is observed when using pure copper catalysts
[21, 22]. Consequently, the production of stable byproducts such as ammonium (0.5 mg L) and nitrite
(0.5 mg L) can restrict the ability to meet regional legislation policies like the limits established by the
European Union [3]. However, electrochemical reduction of nitrates remains an attractive alternative for
treating reject water from potabilization units [2, 23], recycled water from fish farming [24, 25], or
wastewater from mining processes that use explosive methods for rock destruction.
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The search for a novel catalyst for electrocatalytic nitrate reduction is ongoing. For example, Su
et al. [26] applied micro-architectured electrodes, finding that nitrate reduction is a function of surface
morphology. Boron doped Diamond showed high selectivity and resistance to aggressive media as
reported by Martinez et al. and Kuang et al. [27, 28], however high costs for such a catalyst limits its
application to special treatments [29]. Beyond that, recent investigations report on technical
modifications used to obtain process improvements. One such way for process improvement is to remove
nitrates by the use of suspended Pd-Cu catalysts in the cathodic compartment making use of excess
hydrogen produced on the cathodes [30]. When the membrane is doted on both sides with
metallic/catalytic conductors the potential over the electrodes is reduced and these systems run with
higher efficiency [31-33].

An inconvenience for all nitrate reduction processes is an increase in pH. Due to both the
dependency of the pH on the presence of the various nitrogen compounds in the water [34] and the
requirements stipulated in water regulations, stabilization of pH is necessary. One option for pH
stabilization is the use of dissolved CO and results from its injection into the cathodic compartment
have been reported by Hasnat et al. [33]. However, dissolved CO- can also be used to stabilize pH in the
anodic compartment when injected into the anodic compartment. This arrangement was part of this
study, which was realized to determine the operation performance of catalytic active cathodes as part of
an electro dialysis unit with the focus on nitrate reduction in potable water in a laboratory scale batch
reactor and a continuously fed pilot scale plant.

2. MATERIALS AND METHODS

2.1. Laboratory Conversion Apparatus

At the laboratory scale, the anode and cathode were separated by an NAFION® Z0O012 ion
exchange membrane (NE424 W Fabric), Du Pont N.C. with an effective surface area of 0.0589 m? (210
mm x 290 mm). The sandwich constructions contained two compartments of cathodic solution and one
compartment of anodic solution. The two anodes were each an expanded titanium metal mesh (Size 10
mm X 5 mm and 1 mm x 1 mm rhombic wire) plated with 2.5 um of platinum. A polypropylene spacer
mesh (0.7 mm wire size and 3 mm orifice size) was placed on both sides of the membrane.

The cathodes consisted of CuSn6 meshes (0.71 mm wire size with 0.9 mm orifice size and 0.071
wire size with 0.16 mm orifice size) from the Haver & Boecker Company, Oelde, Germany. In addition,
cathodes were also made from 3 mm thick punched carbon plates, trade name FE 219, from the Schunk
Company, Heuchelheim, Germany, which were coated with copper or copper+palladium. First, the
plates were coated with copper from a copper sulphate solution with a current of 5 A for 40 min. Then,
if double function was desired for the cathode, palladium was deposited galvanically onto the electrode
from a palladium chloride solution in the presence of phosphate ions, ammonium ions, sodium ions, and
boric acid using a current of 5 A for 4 minutes. Consequently, a total of 62 mmol of copper were
deposited on the cathode, which is ten times higher than amount of palladium deposited.
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All electrodes had a size of 206 mm x 286 mm. These active components were fixed into a three
layered frame made from polyvinylchloride with a ployacrylic plate placed on the front. Additionally, a
4 mm thick viton ring was placed into a notch on the frame to seal the frames and fix the membranes.
Each frame had two spouts at the inlet and outlet consisting of connected silicon hoses to circulate flow
between the conversion apparatus and storage tanks, each with a capacity of 10 L. Circulation flow was
induced by a centrifugal pump and controlled with a rotameter. The anode and cathode were connected
to an PS 405 D adjustable power supply (0-40 V and 0.01-5 A) from Conrad Electronic, Hirschau,
Germany.

The conductivity and temperature of the solution were measured online with the LF95 from
WTW Company, Weilheim, Germany. The pH value was determined with the pH 530 from the WTW
Company. Flow of the anode and cathode solution was measured with two flow rotameters KSK-2200
from Kobold Messring Company, Hofheim, Germany placed in the silicon hoses vertically above the
centrifugal pumps.

2.2. Pilot Plant Conversion Apparatus

The sandwich element used in the pilot plant was a stack of four anodic compartments and three
cathodic compartments with the same size of membranes and electrodes as used in the laboratory
equipment. The materials for anodes and cathodes were also the same as in the laboratory experiment.
A PVC frame 30 mm thick established the thickness of the compartments, a photo of which shown in
the hydraulic diagram of the pilot plant in Fig.1.

Raw water
inlet flow

EKN - Module

Nitrate — - -
Controller :

i f

Denificated
water outlet flow

Figure 1. Hydraulic diagram of the pilot plant with the following components: (A) Anodic solution
recirculation tank (B) Recirculation pump for anodic solution (C) EKN — Module without
electrical connection of electrodes (D) Recirculation pump for cathodic solution (E) Cathodic
solution storage tank (F) Raw water buffer tank.
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Each frame had an inlet and outlet hose nipple. The same power supply was used in the pilot
plant. Circulation of the anodic and cathodic solution between the storage tanks and stack of electrodes
was realized with two centrifugal pumps type MPN 115 from Schmitt-Kreiselpumpen GmbH & Co.KG,
Ettlingen, Germany. The dosing of nitrate contaminated water was realized with a peristaltic pump from
the Masterflex Company, East Bunker Court Vernon Hills, USA. Tubing material was Versilic®, form
Saint-Gobain, Charney, France.

The online process measurements comprise the determination of pH in both the anodic and
cathodic compartments with an orbisint CPS 11/12 electrode, temperature with Omnigrad TST42 (RTD
100), flow with Promag 33 A, conductivity with Mypro CLM 431, pressure with Cerabar S PMC 731
(all from Endress+Hauser Company, Rainach, Switzerland) and nitrate concentration with a Nitratax
plus LXV237 electrode with a measuring range of 0.2 - 200 mg NOs™ Lt and 0 - 50 mg NOx L from
Hach Lange Company, Dusseldorf, Germany.

2.3. Test Procedure when Operating the Laboratory and Pilot Plant Apparatus

Nitrate reduction was realized with the laboratory apparatus in batch mode with an initial nitrate
concentration of 1 mmol NO3™ L. The nitrate solution in the storage tank (4 - 7 L volume) was forced
by the pumps through the cathode compartment and the nitrates were eliminated within 27 hours under
the different process alterations. The recycle rate in the storage tank was about 25 times an hour. Several
runs with different cathodes, specific currents, and anodic solutions were realized. By using two cathodic
compartments, various combinations of the three materials (CuSn6, FE98 coated with Cu and FE98
coated with Cu and Pd) could be employed for nitrate degradation. The following runs were realized:

o CuSn6 in both compartments

o CuSn6 in one compartment and FE coated with Cu in the other compartment

o CuSn6 in one compartment and FE 98 coated with Cu and Pd in the other compartment
. FE98 coated with Cu and Pd in both compartments

Distilled water, water saturated with carbonic acid, and diluted sulphuric acid were used as the
anodic solution for the four material combinations mentioned in the following concentrations: 0.01, 0.05
and 0.005 mol L.

Experiments under the influence of current (0.8, 0.98, 1.16 and 1.43 A m2) were only realized
for the CuSn6 cathodes and 0.05 mol L of diluted sulphuric acid as the anodic solution.

Process performance was evaluated by evaluating the electron balance of nitrate removal, and
nitrite and ammonium formation.

The pilot plant operated in batch and continuous mode. Only CuSn6 was employed as the cathode
material in the pilot plant to ensure the use of low cost materials for the cathodes. Sulphuric acid diluted
to a concentration between 0.002 and 0.005 mol L™ was employed as the anodic solution, which was
decided to allow for good conductivity.

In batch mode, a volume of 20 L with an initial nitrate concentration of 40 mg L™ was treated
with various specific currents (1.02, 1.28, 1.53, 1.79, 2.04 and 2.55 A m2). The specific current for the
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pilot plant was higher than for the laboratory apparatus because in the pilot plant both sides of the cathode
had an opposing anode.

The selected control parameter for the continuous operation was the nitrate concentration of the
recirculation flow between the cathodic compartments and the storage tank, as determined by the
Nitratax electrode. When the nitrate concentration fell below 25 mg L™ a solenoid valve let freshwater
flow in and an equal amount of recirculating water flowed out over a dam.

2.4. Water

The water was taken from a well at Reiskirchen-Hattenrod, Germany, which exhibited a variable
nitrate concentration between 20 and 150 mg L.

2.5. Analytics

During operation, small samples were taken and the following measurements were realized:

o Concentration of anions (chloride, fluorite, nitrate, nitrite and sulphate) by anion
chromatography with a Dionex Series 4000i.

o Ammonium concentration was determined photometrically with prepared LCK 304 test
kits (measuring range 0.02 — 2 mg NH4" /L) and LCK 305 kits (measuring range 1.3 — 15 mg NH4" L)
from Hach Lange Company, Berlin, Germany.

o Sporadically, the composition of the gas phase was analysed by mass spectroscopy form
Balzers Company, Asslar, Germany.

2.6. Process Performance

The process performance can be described by the yield of nitrate reduced to molecular nitrogen,
which requires 5 electrons for complete reduction, in relation to the total electrons transferred to the
electrode. This relation is described by the following equation:

5-An(NO3)-F
Nnitrate removal = It -100% 1)

Where I is the current in A; 4n(NO3") the nitrate eliminated in mol; F the Faraday constant 96845
As mol?, and t operation time in s. When the nitrate is only reduced to nitrite, fewer electrons are
consumed, but when ammonium is formed, more electrons are consumed. Also, secondary reactions,
like the production of hydrogen, modifies the balance.

The specific nitrate removal rate is the nitrate removed in relation to the surface area of the
cathode. In batch mode, two nitrate concentrations were taken in an interval where the removal velocity
was almost linear. In continuous operation mode, the difference between the nitrate in the influent and
effluent was considered as the nitrate removal and the following equation was assessed:
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Where ¢(NO3) is the nitrate concentration in mg L™ or mmol L; Acathode the geometric surface
area of the cathode in m?; V sample volume in L; and t operation time in hours for batch operation or V/t
influent flow in L h'.

3. RESULTS AND DISCUSSION

A screening of various metals was realized to determine the catalytic activity of the materials.
For this, cathodes were either purchased when commercially available (e.g. Hastelloy Sheet) or
galvanically coated similar to the previously described methods. The following metals did not show a
nitrate reduction reaction under equal reaction conditions (neutral pH, 150 mA current, for 3 hours with
initial NO3™ of 100 mg L%): Pt, Pt-Rh, Pt-Mn, Pt-Au, Ru, Mn, Ni, Ni-Mn, Ni-Ru, Ni-Au, Au, Cr, Cr-Ni,
Cr-Mn, Cr-Au, and Cr-Ru. Meanwhile, the elements Pd, Cu, Sn, Cu-Sn, and Pd-Cu did show catalytic
activity. Selectivity of nitrate and nitrite reduction was observed in that Pd only reduces nitrite and Cu
only reduces nitrate under the specified reaction conditions. Also, a fairly low nitrate reduction on
Pd/Carbon is reported by Polatides and Kyriacou [21] under similar conditions to our experiment.
Consequently, combinations of Cu with Pd or Cu with Sn are effective as catalysts. Other investigations
have shown that in addition to the materials tested, Ir and Rh can reduce nitrate in electrocatalytic
reactions [18, 19]. Even an electrocatalytic reaction on graphite electrodes has been reported [34]. Some
deeper investigation is required in this case because our graphite plates showed small Pd impurities and
our untreated material showed nitrate reduction that may have been induced by the detected Pd
impurities. Contrary to our results, in the literature nitrate reduction on Pt electrodes is reported. This
may be a result of different activation methods used for the catalysts, as only a washing step with tartaric
acid after galvanic deposition was used in this study.

Reaction kinetics were realized with high initial concentrations of nitrates p. e. 800 mg L™ as
shown in Fig. 2. A linear decrease of the nitrate concentration indicates a zero order reaction, which is a
function of applied specific current but is independent of the nitrate concentration. The experiment
realized with distilled water was realized at a pH of 3 corresponding to a concentration of HzO" similar
to the nitrate concentration. When the current was reduced, the reaction velocity was likewise reduced,
but electron efficiency was unchanged. In data not presented here, the reduction in reaction velocity
depends linearly on the specific current applied. It seems that at lower nitrate concentrations the surface
of the electrodes is no longer a limiting factor and diffusion gradients govern reaction kinetics as a first
order reaction. Such kinetics were modelled for nitrate reduction in neutral pH on Ti (NO3™ of 100 mg
L1 and a specific current of 500 A cm) by Dash and Chaudhari [35], for Pd-Cu/SS (NO3z of 40 mg L
1 by Su et al. [26], and more recently for Pd-Bi by Gao et al. (NOs of 100 mg L™ at a specific current
of 6 mA cm™ in neutral pH) [36].



Int. J. Electrochem. Sci., Vol. 14, 2019 336

900
800
700
600
500
400
300
200
100

0

Nitrate + Nitrite [mg L]

0 50 100 Time [miAFO 200 250 300

Figure 2. Reduction of nitrate/nitrite with an initial concentration of 800 mg/L over time with the
following reaction conditions: Pt coated with Pd/Cu, pH 3 + 0.2; 1d 23.5 A m and an electron
balance of 87%.

3.1. Effect of Anodic Solution on pH in Both Compartments

The Nafion® membrane allowed the flow of protons from the anodic compartment into the
cathodic compartment. The proton flow rate is driven by the potential between the electrodes and the
natural pH of the solutions in the anodic and cathodic compartments. Thus, the pH of the cathodic
compartment is influenced by the pH of the anodic solution. Fig. 3 shows the pH value in the cathodic
compartment over time for the following anodic solutions: water, water saturated with CO., and diluted
sulphuric acid. During initial conditions, the current over the electrodes caused primary reactions like
the removal of oxygen in the system to occur, however, after about 4 hours these ceased to occur and
the pH stabilized. In the case of the diluted sulphuric acid as an anodic solution, more protons were able
to flow through the membrane than were consumed by the cathode and, consequently, the pH in the
cathodic compartment was lowered. With water as a solution, proton flow was limited and, due to
continuous consumption of protons by the cathode, pH in the cathodic compartment rose to 10.5. In the
case of the CO; saturated water in the anodic compartment, a neutral pH in the cathodic compartment
was established by way of CO- diffusion through the Nafion® membrane. As a consequence, CO
delivery to the cathodic chamber is limited by the CO, permeability of the Nafion® membrane. This CO2
transfer over the membrane was measured separately at atmospheric conditions (22 °C and 740 hPa) and
is about 0.035 mmol CO2 m? s, corresponding to a permeability of about 3.8 * 10°° cm® (STP) cm
cm 2 s™! Pa”!. For comparison, in the literature a permeability of 2.69 * 10" cm® (STP) cm cm 2 5!
Pa~! at around 50 °C is found [37]. Thus, the presence of CO: in the cathodic compartment is able to
compensate hydrogen consumption at a nitrate reduction rate of 183 mg m2 min™.
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Figure 3. pH values in the cathodic compartment over time for the following anodic solutions: H20;
H2SO4; and water saturated with CO, (Reaction conditions: specific current of 0.98 A m™, initial
nitrate concentration 1.2 mmol L-1, Cu and Cu-Pd covered carbon plates).

The buffering effect of the CO2 was also observed in the anodic compartment, where pH was
maintained at 3.5 in the CO, saturated water. In the case of water as the anodic solution, within the
anodic compartment the pH lowered to a pH of 3 after 4 hours of operation. When diluted H>SO4 was
used as the anodic solution, the pH in the anodic compartment remained constant at a pH of about 2.1.

3.2. Effect of Cathode Catalytic Material on the Removal of Nitrates

Under standard conditions, the reduction potential of the pairs NO3/N2 0.74 VV; NO3/NO 0.42
V; NO3/NO 0.41 V; NOs/NH4" 0.36 V were quite similar, which is a result of those reactions occurring
in parallel. Also, hydrogen can be produced under these conditions because the standard reaction
potential is also similar. However, the standard reaction potential for the pair NO27/ N2O has a higher
value of 0.782 V. In addition, the reaction requires two NO3z" ions tightly adsorbed to the cathode due to
stoichiometry of reaction. When the reaction is first order, this behaviour is less common than for a zero
order reaction. While the catalytic cathode also influences which reactions occur favourably, the
combination of different catalysts leads to varying nitrate removal, nitrite production, and ammonium
production. For example, in Fig. 4, the relationship of nitrate elimination (Cinitia=1.2 mmol L) with
nitrite and ammonium production over time is shown. In this set-up, water was used as the anodic
solution, a copper coated carbon sheet and a second carbon plate with a copper+palladium deposition
was used as the catalyst combination, and the specific current applied was 0.98 A m. Within the first
hour nitrate removal was faster during the period without ammonium and nitrite production. After 5
hours constant nitrite production was parallel to nitrate removal, but after 20 hours, when the nitrates
were mostly removed, the nitrite concentration also went down.



Int. J. Electrochem. Sci., Vol. 14, 2019 338

El Nitrate [ Nitrite B Ammonium @ Removed

1.4 /

=
o

c¢NO;” [mmol L]
o o
(o)} o]

©
S

o
[N}

0.0

0 1 3 Time[h] 5 20 24

Figure 4. Pattern of nitrate elimination with an initial concentration of 1.2 mmol L. A cathode
combination of carbon plate covered with copper and a carbon plate covered with
copper-+palladium was used. A specific current of 0.98 A m was applied and the anodic solution
was water.

The results of other electrode combinations under the same reaction conditions are summarized
in Table 1. The process performance of the electrode combinations was characterized by a specific nitrate
reduction rate, electron balance, and ammonium and nitrite production rate.

Table 1. Effect of the type of electrode on nitrate removal, electron balance, and ammonium and nitrite
production with an initial NOs™ concentration of 1.2 mmol L-1 and a specific current of 0.98 A
m-2 after 20 hours of operation

{ nitrate removal 7] electron Ammonium Nitrite

Cathode combination (mgm?2h?) (%) (mmol LY (mmol L
)
CuSn6 100 24 0.237 0.361
CuSné6 / Graphite Cu 99 235 0.295 0.360
CuSn6 / Graphite Cu+Pd 222 53 0.349 0.276
Graphite Cu / Graphite Cu+Pd 213 51 0.335 0.210

Results show that nitrite reduction in the system was enhanced when palladium was present. In
comparison with only Sn in the first and second arrangement, Pd was more effective in removing nitrites.
However, it is unclear why Pd enhanced the nitrate removal rate and reached a better performance in the
electron balance because preliminary tests showed that Pd was selective to nitrite and should not have
catalysed nitrate removal reactions. Ammonium formation was enhanced when Pd was present, which
was also reported by Polatides and Kyriacou [21], but disagrees with the experiments realized by Vooys
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et al., who reported higher production of byproducts when the Pd-Cu relation was shifted towards Pd
[8]. Also of note in relation to the pH of cathodic solution, Ghodbane et al. observed that the formation
of byproducts like Ammonia and Nitrite is higher in neutral media [38].

3.3. Effect of the Anodic Solution on Nitrate Removal

Table 2. Effect of anodic solution on nitrate removal, nitrite and ammonium formation using different
catalyst types and a specific current of 0.98 A m2 during about 20 hours of operation.

Anolyte H,SO,4 H,O H,0+CO, H,SO; H,O H,0+CO, H,SO; H,O H,0+CO,
g NO3 removal (Mg m2 h't) 0 NO2™ formation g NH4" formation
Electrode combination [Electron Balance (%)] (mg m?h?) (mg m?h?)
CuSn6 1351 100.1 163.3 0.00 0.52 0.33 0.13 0.29 0.28

[31.1] [24.0] [36.0]
. 104 100.1  128.3
CuSn6 / Graphite Cu [240] [235] [304] - - - - - -
. 199.3 2217 1633
CuSn6 / Graphite Cu+Pd [48.8] [532] [35.5] - - - - - -
Graphite Cu / Graphite 286.1 2129 182.8

Cu+Pd [71.2] [51.3] [45.5]

The anolyte influenced the pH of the cathodic compartment and the catalytic reaction was
generally enhanced by lower pH. Nitrite formation was completely suppressed using diluted sulphuric
acid as an anodic solution. Ammonium formation was also a function of the anodic solution as shown in
Table 2 and was lowest when sulfuric acid was used as the anolyte.

The performance of diluted sulphuric acid as the anodic solution was the best when taking into
account nitrate removal, nitrite formation, and ammonium formation. A good performance was also
obtained using H20 + CO> as the anodic solution. When water is used as the anodic solution, graphite
plated with Cu+Pd should be used as the catalyst because nitrate removal rate is doubled with this set-
up. The importance of the presence of Pd in electrocatalytic nitrate reduction seems to be a key factor in
the literature reviewed by Martinez et al. [27].

3.4. Effect of the Specific Current on Nitrate Removal

The reduction potential of nitrate, expressed in units as a voltage on the cathode, specifies a
minimum energy for the reduction energy needed to realize the reaction. Thus, a potential value below
the reduction potential yields no nitrate reduction. Such conditions were observed with a specific current
of 0.8 A m? in the laboratory apparatus (water as the anodic solution and CuSn6 as the catalyst). The
nitrate reduction occurred at a specific current of 0.98 A m™2 as was reported in previous chapters. When
the specific current is increased, nitrate removal rate increases linearly (not shown graphically). Nitrite
formation reached a maximum at a specific current of 1.16 A m and was lowest at a specific current of
1.43 A m™. A higher specific current resulted in reduced formation of ammonium.
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Table 3. Effect of specific current on nitrate removal, nitrite and ammonium formation using a CuSn6
catalyst during about 20 hours of operation and using water as the anodic solution.

Current Specific current g NO3” removal 0 NO2” formation 0 NH4" formation
(MA) (Am?) MIMh™)  (mgmzn?)  (mgm2h)
[(%0)]
90 0.80 9 [35] i i
110 0.98 100 [41] 0.53 0.31
130 1.16 163 [52] 0.85 0.14
160 1.43 186 [59] 0.26 0.15

For the pilot plant in batch mode when using water as the anodic solution and running at a higher
specific current, the nitrate removal rate was able to be increased even more, but, the electron balance
reached a maximum at a specific current of 1.53 A m2. Under these conditions the nitrate removal rate
was 486 mg m h* with an electron balance of 71%.

The nitrate removal rate and pH of solution for a sample run with a specific current of 2.55 A m-
2 are shown in Fig. 5. During this run, nitrate concentration was measured continuously with a Nitratax
electrode, which is also sensitive for nitrite. This sensitivity allows for increasing concentrations and
aware correctness the concentration is specified as the sum of NO3z™ and NO2". Within 300 minutes,
nitrates and nitrites were reduced to concentrations close to zero milligrams per litre. The first
experiment was expected to show zero-order behaviour for nitrate removal, but, because the Nitratax
electrode is also sensitive to nitrite, the more prolonged degradation curve did not remain linear.
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Figure 5. Nitrate and nitrite removal in tap water with the pilot apparatus in batch mode (specific current
of 1.28 A m, CuSn6 cathode, and water as the anodic solution)
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3.5. Continuous Operation of the Pilot Plant

The water extracted from the well was added to the 10 L intermediate tank by opening a solenoid
valve; displaced treated water in the system flowed out over a dam. The control of the solenoid valve
was governed by software which regulated the nitrate concentration of the circulation water to a limit of
25 mg L% A sample in Fig. 6 shows that the controller maintained a nitrate+nitrite concentration at a
constant level when applying a specific current of 1.28 A m, using a CuSn6 cathode, and water as the
anodic solution. Under these conditions, the nitrite concentration reached 2.8 mg L and ammonium
was determined to be 3.2 mg L.

Under such reaction conditions, gas samples were taken from the gas phase in the recirculating
tank and mass spectroscopy analysis revealed quantitatively that: The N2 to O relation was shifted
towards N2; considerable amounts of hydrogen were present; and there was a very small peak for an ion
(mass 44 g mol™) which may have been either CO or N,O. It is worth mentioning that the presence of
02 and CO: in the cathodic chamber is due to the diffusion of these molecules over the Nafion®
membrane.

If the nitrate removal rate is related to the volume occupied in the apparatus, it is possible to
compare it to other processes (eg biologic processes) with the intention of benchmarking. While Kapoor
and Viraraghavan reported a denitrification rate of 1 to 20 kg NOs” m= d in heterotrophic denitrification
processes, using the present pilot denitrification plant the specific reduction rate is 1.2 kg NOs m=3 d.
Thus in the electrocatalytic process, the specific nitrate reduction rate is close to the performance of
biological systems not taking into account further improvements to the space needed for sandwich
electrodes [39].

45 14
40 - 13
— Nitrate + Nitrite - == pH
'éb 30
— 11
£ 25
] 10 pH
E 20
2 15 ?
s 8
el
5 10
5 7
O T T T T T 6
0 200 400 600 800 1000 1200

Time [min]

Figure 6. Nitrate removal in the pilot plant in continuous operation applying a specific current of 1.28
A m2, using CuSn6 as the catalyst, and water as the anodic solution.
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3.5. Comparison of cathode materials employed

The cathode material chosen results in an impact on nitrate removal efficiency, formation of by-
products, and selectivity towards nitrogen, which has been studied in numerous investigations on
catalysts for electro-catalytic nitrate reduction. Table 4 gives an overview of studies realized employing
catalysts consisting of one or more elements that were used in our experiment. Most experiments reached
nitrate removal rates over 90% when treating an initial nitrate concentration of about 100 mg L™, thus,
quality standards of 45 mg L recommended by The World Health Organization can be met with the
proposed technology. The selectivity towards the production of molecular nitrogen is also of great
importance, which is measured indirectly as the difference between the nitrate removal and the nitrite
and ammonium concentration. In addition, combinations of metals are characteristically more resistant
to corrosion than pure metals [27]. With the exception of Sn the selectivity of metal combinations is
higher than the selectivity of pure metals. From the literature it is evident that a cell without membrane
separation increases ammonium oxidation on the anode. However, nitrite oxidation on the anode is
impossible when using a membrane, which leads to a higher electron efficiency because the nitrate/nitrite
pair cannot act as carrier of charges [27]. The second column in Table 4 reveals additional information
about the experimental setup such as initial concentration, electrolyte composition, pH etc. It is worth
mentioning that by injecting CO- into the anodic compartment to stabilize pH, this study is able to
produce potable water without subsequent steps to reach a neutral state as required by drinking water
standards. Such a strategy has not yet been reported for electro catalytic nitrate reduction processes.

Table 4. Summary of electro-catalytic nitrate reduction of different types of cathodes.

Catalyst Reaction conditions gﬂe%rgrgi?gﬁ 0 NO3 removal N2 selectivity 7 electron ~ Reference
Cu/sn g'\c')?u?]!é'ra' 5 mg LY Nafion 99% 81%  24%-36% oo
Pd/Cu CC'E')?EJ?]J;&' 5 mg LY Nafion 90% 8%  45%-T0% oot
Pd/Cu ﬁ':g;t'rgﬁ'ea(: 4mgL=pH 99% 50% [26]
pajcu 153 nitial 3100 mg L™ Nafion 99% 64% 140]
Pd/Sn g';'u?f;ligiﬂa' 100 mg L% Nafion 99% 85% [41]
Pd gﬁ%ﬁé%ﬁéuﬁﬁoo ML N 29% 1% [21]
Cu gﬂ%zp‘g;ﬂagrféf’%ﬁ“g L™ Nafion 99% 64% [40]
Cu pH 12, relation surface area No 99% 99% [42]

cathode/anode 2.25
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100 mg L initial, neutral

Cu/Bi oH No 88% 60%  30%-70% [36]
Cu/Sn ﬁ?\ggntror“ge q initial; pH Diaphragm 30% 25% 30% [43]
cNOginitial 37 mg L7, 0
CulZn 1 7.85, NaCl added No 4% [44]
cNOg,initial 37 mg L%, pH o 99%
Culzn uncontrolled, NaCl added No 99% [45]
cNOginitial 37 mg L*,  Ultrex 0 o
CuznOx pH uncontrolled CMI-7000 92% 60% [46]
B -1
cu/zn cNOgsinitial 100 mg L™, No 90% 30% [47]
pH uncontrolled,
cNOginitial 3100 mg L?,  Divided 99% 3%
Culzn pH uncontrolled Undivided 91% 62.3% [21]
R .
sn  CNOsinitial 3100 mg L% g0, 99% 2%  22%60% 4]

pH uncontrolled

4. CONCLUSIONS

The results obtained in the laboratory and pilot scale operation show complete nitrate removal in
potable water and consequently may offer an alternative treatment to common methods used, like ion
exchange or reverse osmosis. The production of nitrite and ammonium must be further reduced, which
may restrict the use of this method in potable water production. However, applications in water treatment
for aquaculture or wastewater generated by the mining industry could require such treatments. It is worth
mentioning that reverse osmosis produces concentrated reject water, which can be treated by the electro-
catalytic process as well.

The graphite electrodes coated with copper and palladium showed the best performance with
respect to the specific nitrate removal rate and a lower production of nitrite and ammonium. However,
due to the high cost of the noble metal palladium, authors classify the CuSn6 cathode as the more cost
efficient catalyst.

A high electron balance of more than 70% was obtained by operating the pilot plant with a
specific current near 1.5 A m. An increase of specific current led to a higher production of nitrites and
consequently established a limit for operation.

The best performance was obtained with the diluted sulfuric acid (c=0.01 mol L) as the anodic
solution and may be the most energy efficient because of its low conductivity. A feasible alternative is
the use of a solution of saturated carbonic acid. One advantage is that this solution does not impact the
pH in the cathodic compartment.

Gas analysis confirmed the production of hydrogen. In the future, a hybrid operation to remove
nitrates and produce hydrogen may be an attractive process. The production of N>O was quite low.
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