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Electrocatalytic reduction of nitrate ions (NO3 ™) was carried out over Cu—Pd and Cu—Pt bimetallic cathodes, which
were deposited on a Nafion-117 H*-conducting polymer membrane. By applying DC current to the membrane—electrode
assembly (MEA), H; evolved on the cathode caused monotonic degradation of NO3 ™ in the cathode compartment. The
NO;™ reduction proceeded in a consecutive manner and copper increased significantly the catalytic activity for the first
step from NO; ™~ to NO, ™. The Cu—Pd and Cu-Pt cathodes, with 38 and 20 mol % Cu, respectively, exhibited the highest
reduction rate. The product selectivity was also dependent on the content of Cu. The Cu—Pd cathode showed a lower
selectivity to NO, ™ and a higher selectivity to NH; ", because the catalytic activity for NO, ™ reduction is high. The rate
of nitrate reduction was increased by supplying CO,, which plays a role of a buffer to keep pH lower than 7 and pro-

motes the reaction, 2NO;~ + SH, — N, 4+ 20H™ + 4H,O0.

Increasing concentration of nitrates in groundwater has been
caused by overfertilization in agriculture. Water containing
more than 50 ppm NO3~ is harmful to health and the environ-
ment.'3 In the last couple of decades, this environmental issue
has led to acute attention to research of nitrate mitigation. In
this regard, electrochemistry and catalysis have been compo-
nents of many research papers for the reduction of nitrate
ions.*?° Electrochemical nitrate conversion uses cathodic re-
actions.*'® At acidic pH, hydrogen atoms adsorbed on the
cathode surface inhibits the reduction of nitrate, whereas the
reaction in alkaline solutions produces ammonia. Catalytic hy-
drogenation for the removal of nitrate from water has been
studied using various supported metallic or bimetallic cata-
lysts.!%28 In many catalytic systems reported so far however,
it is difficult to avoid the formation of nitrite and ammonia,
which cause higher toxicity and intolerable smell, respectively.
In this aspect, the validity of these processes has sometimes
been controversial®* and is critically dependent on the devel-
opment of catalytic as well as electrocatalytic materials with
excellent activity and selectivity. Recently, we have reported
electrocatalytic reduction of nitrate in water using mem-
brane/electrode assemblies (MEAs), which were prepared by
chemical plating on an H-conducting solid polymer electro-
lyte.”” The reduction performance is strongly dependent on
the metallic composition of cathode and the addition of Cu
to Pt exhibited a significant promoting effect.

In the present study, the electrocatalytic reduction of nitrate
as well as nitrite was studied for Pt as well as Pd cathodes
modified with Cu. The aim of this work is to explore the ef-
fects of cathode compositions on nitrate/nitrite conversion
and product selectivity under different experimental conditions
using batch and flow microreactors. The effects of initial con-

centration of nitrate and bubbling CO, on the rate of nitrate
reduction and product selectivity are also discussed.

Experimental

Preparation of Electrode. In order to prepare MEAs, plati-
num or palladium was chemically deposited on a Nafion-117
membrane (DuPont, Inc.) from PtClg or PdCly. The Nafion
membrane was first sand blasted and dried at 110°C then was
immersed into 200 mL of water containing a suitable amount of
PtCls. A mixed solution of 2.0 M NaBH, and 4.0 M NaOH was
added to the membrane-containing system at a rate of 2.0mLh~!.
Meanwhile, the reaction mixture was heated from 35°C at a rate
of 5°Ch~!. The Pt or Pd plating with an area of 2 x 3cm? per
side of the Nafion membrane was completed within 12h, which
was followed by the second plating of Cu metal only on the
cathode. Various amounts of copper metal were deposited onto
Pt or Pd cathodes using a CuSOy solution. MEAs thus prepared
were first washed with dilute HCI and then sonicated for
0.5 min to remove unreacted NaBH, and NaOH from the surface
and finally dried at 110 °C in air. The metallic composition of each
MEA was determined by X-ray fluorescence analysis (Horiba
MESAS500). The crystal structure of the electrode was determined
by X-ray diffraction, which was recorded using a Rigaku Multiflex
diffractometer (Cu Ko, 30kV, 20 mA).

Reduction of Nitrate. The reduction of nitrate/nitrite ions
was carried out using MEAs having a Pt anode and four different
cathodes, Pt, Pd, Cu-Pt, and Cu-Pd in a batch microreactor as
shown in Figure la. The cathode and anode compartments were
separated by as prepared MEA. The virtual distance between
anode and cathode was 180 wm, which corresponds to the thick-
ness of the Nafion membrane. The cathode and anode compart-
ments were filled with 5mL of aqueous solution of NaNO3 (3—
36gL™!) or NaNO, (3gL~") and with water, respectively. Rela-

Published on the web December 12, 2008; doi:10.1246/bcsj.81.1675



1676 Bull. Chem. Soc. Jpn. Vol. 81, No. 12 (2008)

"

° out
o

H,0 3g/L o

5 mL : NO3 o '

Nafion

c
o
T Py
5mL z O,
out
-« -«
_Iq Pr NOsa
t + + +
Pt  Pt, Pd, Pt Pt Pd,
Cu-Pt, Cu-Pt,
Cu-Pd Cu-Pd

Figure 1. Schematic representation of (a) a batch reactor
and (b) a flow reactor.

tively high concentrations of nitrate/nitrite were used for reliable
analyses after dilution of the solution. Each electrode was con-
nected with a DC power supply (100 mA) for electrolysis (3 h).
In order to monitor the concentration change of NOs;~, NO,~,
and NHy4™ ions as a function of time, a portion of 20 uL was col-
lected from the solution in the cathode compartment at a constant
interval and diluted to 5 mL. The sample was then analyzed by an
ion chromatograph (TOA-DKK, ICA-2000). Nitrate /nitrite or oth-
er N-containing species was not detected in the anode compart-
ment. The gas evolved from the cathode was analyzed using a
quadrupole mass spectrometer (Pfeiffer, OmniStar). Because pH
of the solution in the cathode compartment was found to increase
with progress of the nitrate reduction, CO, was supplied as a buf-
fer by bubbling at the rate of 20 cm’ min~!.

The nitrate reduction was also carried out using a flow micro-
reactor, which has a similar structure to that of the batch reactor
(Figure 1b). The nitrate solution and water were supplied to com-
partments of the cathode and the anode, respectively, at the con-
stant rate of 0.1 mL min~'. The flow reactor was also operated
with bubbling CO, only around the cathode at the rate of
10 mL min~"!.

Results and Discussion

Reduction Activity of Cu-Pd and Cu-Pt Cathodes. The
total thickness of metallic electrodes on both sides of the Na-
fion membrane was determined to be 2-3 um from SEM obser-
vation of the fracture surface. The X-ray diffraction measure-
ment of the cathode side of the membrane suggested the dep-
osition of crystalline Pt or Pd. As prepared Cu—Pd and Cu-Pt
cathodes showed diffraction peaks due to Cu in addition to Pd
or Pt, but those ascribable to alloys could not be detected. The
composition of Cu—Pt and Cu—Pd can be controlled by the con-
centration of CuSOy used in the chemical plating process. The
MEAs were used for the electrocatalytic reactions without
further treatment.

The reduction activity of MEAs with a Pt anode and four
different cathodes (Pt, Pd, Cu-Pt, and Cu-Pd) was tested in
a batch microreactor. By applying a DC current to the MEA,
the evolution of H, and the reduction of nitrate/nitrite took
place simultaneously on the cathode surface. Figure 2 exhibits
the typical concentration profiles during the nitrate reduction
for Cu-Pd (38 mol % Cu) and Cu—Pt (15 mol % Cu) cathodes
under the standard electrolytic conditions (Cy=3.0gL~!,
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Figure 2. Nitrate reduction for (a) Cu—Pd (38 mol % Cu)
and (b) Cu—Pt (15mol % Cu) cathode using the batch re-
actor. Applied current: 100 mA, reaction time: 3h. @
NO;~, A NO,, ® NH,™".

100 mA, 3 h). The concentration of NO3;~ decreased monotoni-
cally, accompanied by the formation of NO,~ and NH4 ™. To
compare the activity of each cathode, the apparent rate con-
stant (k) was calculated using curve fitting on the assumption
that the concentration of NO;~ (C) expresses as a first-order
reaction, i.e., C = Cyexp(—kt), where Cj is the initial concen-
tration and ¢ is time (min). This method was also applied to the
reduction of NO,~.

Table 1 summarizes the activity and selectivity for the re-
duction of NO3;~ after 3h of reaction. When Pt or Pd alone
was used as a cathode, the reaction was very slow (k < 2 x
1073 min~'). The rate was significantly increased by the dep-
osition of Cu onto Pt or Pd. In the case of Cu-Pd (Figure 2),
more than half of the NO3 ™ reacted in the first 30 min, yielding
about half the amount of NO,~, which would next be con-
sumed after 60 min to yield about half the amount of NH,™.
The overall selectivity to NH;T exceeded 15% after 3h. A
similar change was observed for Cu-Pt, but the selectivity to
NH4 " was only 7%, compared to 40% selectivity to NO,™.
In all the cases, the mass spectrometric analysis of the gas
evolved from a cathode compartment detected mainly Nj,
but N,O and NO were very low (<1% selectivity). Possibly
the most toxic by-product in the present reaction system would
be hydroxylamine, which can be analyzed by UV-vis absorp-
tion at 690nm after condensation with 8-hydroxyquinoline.
However, the concentration of this compound was under the
detection limit (<0.1 mgL~") even at high initial concentra-



M. A. Hasnat et al.

Bull. Chem. Soc. Jpn. Vol. 81, No. 12 (2008) 1677

Table 1. Apparent Rate Constants and Product Selectivity of Nitrate and Nitrite Reduction®

NO;~ reduction

NO,~ reduction

Cathode k/10_3 min-! Selectivity /% k/10‘3 min-! Selectivity /%
NO, NH4 " NH,+
Pd 1.7 12 9 29 46
Cu-Pd (38 mol % Cu) 49.0 15 16 139 25
Pt 0.9 0 49 1.6 11
Cu-Pt (15mol % Cu) 17.8 40 7 2.8 26
a) Pt was used as an anode. 3.0gL~! NO3;~ or NO,~, 100mA, 3 h, room temperature.
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Figure 3. The rate constant of nitrate reduction on the g (b)
cathodes with different metallic compositions. ® Cu—Pt,
B Cu-Pd. Other conditions are same as mentioned in
Table 1. S 5t
2
2
tion of NO3~ (36.1 gL ~!). The ICP analysis of the solution in ‘g
the cathode compartment after 3 h-reaction demonstrated that @ i
the dissolution of metallic species (Cu, Pt, and Pd) during elec-
trolysis was negligible.
The reduction of NO3;~ seems to take place on the cathode \/—-\\/-—'

in a consecutive manner, NO;~ — NO,~ — N, or NH4*, as
was pointed out by previous studies.'”* In the consecutive
pathway of NO3;~ reduction, NO, ™ is recognized as a stable
intermediate as noted in Figure 2. In order to explore the rel-
ative activity and selectivity of different cathodes, the reduc-
tion of NO,~ was also carried out concomitantly (Table 1).
Again, the bare Pt and Pd showed very low activities
(k <3 x 1073 min~") for NO,~ reduction. It should be noted
that Pd exhibited a higher selectivity to NH4 . Unlike the case
of NO3~ reduction, however, the effect of Cu on these catho-
des is so different, i.e., the Cu—Pd exhibited the highest k,
13.9 x 10 * min~!, in contrast to 2.8 x 103 min~! for the
Cu-Pt system. The different NO,~ selectivity in the reduction
of NO3™ can therefore be explained by the relative rate of first
and second steps in the consecutive pathway above described.
Thanks to the higher activity of Cu—Pd for NO,™ reduction,
NO;~ reduction yields less NO,~ but more NHy™.

The present results clearly indicate that Cu is indispensable
for the first step, i.e., from NO3~ to NO, . When Cu alone was
used as a cathode however, the activity and stability of the re-
actor was too low to use. The low stability should be associat-
ed with the ease of oxidation of copper. The most acceptable
explanation for the role of Cu in catalytic hydrogenation of
NO;~ has been proposed by Epron and co-authors.® They re-

Cu/%

Figure 4. Product selectivity as a function of metallic com-
position in (a) Cu-Pd and (b) Cu-Pt cathodes. Applied
current: 100 mA, reaction time: 3h. @ NO,~ selectivity,
B NH, " selectivity.

ported that the role of Cu in the bimetallic Pt—Cu catalyst is
to reduce NO;~ to NO,~ according to a redox between Cu’
and Cu*, where the interaction between Cu and Pt is of major
importance to maintain copper in the metallic state by way of
hydrogen adsorbed on Pt.

Figure 3 shows the dependence of NO;~ reduction activity
on the metallic composition of Cu—Pt and Cu—Pd cathodes. In
both cases, the activity increased with increasing amount of Cu
deposition onto Pt or Pd surfaces and reached in maxima at 20
and 38 mol %, respectively. Further increase of Cu then steeply
reduced the activity. This implies that Cu in combination with
Pt or Pd can generate active sites for the reduction of NO3~
on the cathode. The product selectivity was another important
issue. Because the by-products such as NO,~ and NH4 " cause
more serious problems, the complete conversion of NO3 ™ into
Nj is desired. Figure 4 shows the product selectivity of the two
binary cathodes with different metallic compositions. In the
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Table 2. Effect of CO, on Nitrate Reduction over Cu—Pt
Cathode (15 mol % Cu)®

k/1073 min~! SeleCtiVitY/% pHinil le'in

NO,~ NH4Jr
None 17.8 40 7 56 11.6
CO; bubbling 49.0 15 16 5.6 5.8

a) Pt was used as an anode. 3.OgL*l NO;3;~, 100mA, 3h,
room temperature.

Cu-Pd system, the selectivity to NO,~ becomes the minimum
at around 40mol % Cu, where the highest activity was at-
tained. The activity for both NO3;~ and NO,™ is one reason
for the higher selectivity to NH4*. By contrast, the product se-
lectivity of Cu—Pt cathode was less dependent on the compo-
sition. Much higher selectivity to NO,~ compared to NH,*
can be explained by the high reactivity to NO;~ in contrast
to the low reactivity to NO,~. The Cu-Pd cathode achieved
a higher reduction rate over Cu—Pt cathodes, but its higher se-
lectivity to undesired ammonia may be a problem. The high
selectivity to NO,~ for Cu—-Pt would possibly be reduced
due to the successive reduction steps in a longer reaction time
in a batch reactor.

Effect of CO,. Table 2 shows pH values of a solution in
the Cu-Pt cathode compartment before and after reaction.
Clearly, the nitrate reduction increased pH from 5.6 to 11.6
during 3 h-electrolysis, being consistent with the occurrence
of the following net reaction.

2NO;~ +5H; — N; +20H™ + 4H,0 (1)

The reduction of NO3 ™~ produces a base (OH™) and thus causes
an increase of pH. As a result, the NO;~ reduction becomes
unfavorable with an increase of pH. Moreover, basic pH favors
the formation of ammonia.*® To keep the pH constant during
the catalytic nitrate hydrogenation, bubbling CO, gas into the
solution is known as an efficient way to facilitate the catalytic
hydrogenation of NO3;~.% In the present study, we supplied
CO, by bubbling (20mL min~') into the cathode compart-
ment. The apparent rate constant (k) increased significantly
from 17.8 to 49.0min~! and the selectivity to NO,~ decreased
from 40 to 15%. Because no such effect was observed when
bubbling Ar or N, was performed, explanation by solution
mixing is not valid in this case. CO; is considered to facilitate
scavenging OH™ ions, which may affect the adsorption of
NO;~ onto the cathode surface. Therefore, the introduction
of CO, was found to play a role of buffer to keep pH constant
and promote the reaction even in the present electrocatalytic
nitrate reduction.

Effect of Nitrate Concentration. Nitrate reduction experi-
ment was also carried out using various initial NO3;~ concen-
trations in the range 3.4-36.1 gL~' over the Cu—Pt cathode
(15mol % Cu). As shown in Figure 5, the concentration of
NO;~ decreased almost linearly with time on stream, when
the initial concentration is high (>16 gL~"). The slope of each
line should reflect the rate of nitrate reduction, which is almost
constant at around 0.1 g-NO3; L~! min~!. Figure 6 shows the
dependence of product selectivity on the initial NO3~ concen-
tration. With an increase of the concentration, the selectivity to
NO,™~ decreases monotonically, whereas the selectivity to
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Figure 5. Nitrate reduction by the Cu-Pt cathode
(15mol % Cu) with different initial nitrate concentration.
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Figure 6. The product selectivity for nitrate reduction by
the Cu—Pt cathode (15mol% Cu) with different initial
nitrate concentration. Applied current: 100 mA, reaction
time: 3h. ® NO,~, M NH, .

NH,* tends to increase. A similar dependence was also con-
firmed for the Cu—Pd cathode. Using a high initial concentra-
tion (29 g L™!) of NO3 ™, the effect of supplied current was also
examined. The reaction rate was found to increase almost lin-
early as the current was increased from 50 to 200 mA, but fur-
ther increase did not improve the rate. Under various current
supplies, the Cu—Pt composition did not produce significant
NH,* after 180 min electrolysis of nitrate solution.

Nitrate Reduction in a Flow Reactor. The electrocatalyt-
ic reduction of nitrate was finally carried out using a flow
microreactor (Figure 1b), in which Cu-Pt (15mol % Cu) or
Cu-Pd (33 mol % Cu) cathodes were installed. Figure 7 shows
concentration profiles in the effluent from the cathode com-
partment, when a solution containing a low concentration of
30mgL~! NO;~ was supplied at a slow rate of 0.1 mL min~".
The reactions reached steady states after 60 min, where each
concentration was almost constant. The Cu—Pt cathode showed
33% conversion of NO5;~, about half of it remained in the form
of NO;™ in the effluent. By contrast, the Cu—Pd cathode could
convert 85% of NO3~ without forming noticeable amounts of
NO,~ and/or NH;* (<1 mgL~"). As shown in Figure 2a, the
Cu-Pd cathode yielded a significant amount of NH4+ (16% se-
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Figure 7. The reduction of NO;~ in a flow reactor using
(a) Cu-Pt (15mol% Cu) and (b) Cu—Pd (33 mol % Cu)
cathodes. 30mgL~! NO;~, flow rate; 0.1 mL min~!, DC
current; 100mA. @ NO3;~, A NO,~, B NH;*.

lectivity) in a batch microreactor. This is not the case for a
flow microreactor, because of its NO3;~ concentration in the
feed two orders of magnitude lower than that in a batch micro-
reactor. Under such conditions, the diffusion of N-containing
species (NO3;~ and NO, ™) to the bulk solution would suppress
the formation of NH,4™, the final product in the consecutive re-
action. On the contrary, a high concentration N-containing spe-
cies becomes abundant around the cathode surface, being fa-
vorable for the formation of NH4*. The nitrate reduction over
the Cu—Pd cathode in a flow microreactor was also carried out
with introduction of CO; into the cathode compartment. The
reaction achieved a steady state in a short time of about
30 min, compared to more than 60 min required in the absence
of CO,. However, NO3;~ conversion in the steady state was
almost the same with the results in Figure 7b, indicating that
the reaction is under mass-transfer limitation. To achieve an
efficient nitrate conversion at higher flow rates, further study
is now directed to the preparation of electrodes having a larger
surface and/or porous structure.

Conclusion

Electrocatalytic reduction of NOs;~ in water has been
achieved successfully at room temperature using MEAs con-
sisting of an H*-conducting Nafion membrane, a Pt anode
and Cu-Pd or Cu-Pt cathodes. In contrast to Pt, Pd, or Cu
alone, the bimetallic cathode exhibited high activity and stabil-
ity. Although copper in the cathode plays a key role in the first
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step from NO3;~ to NO, ™ in the consecutive reaction pathway,
further steps would rather be accelerated by the combination of
Cu and Pd. Because the reaction produces OH™ to increase pH,
introducing CO,; as a buffer to the cathode compartment not
only accelerates the NO3;~ reduction, but also suppresses the
amount of NO, ™ released intermediately during the reaction
course without increasing NH;*. The formation of NO,~
and NHy4 ™ could further be suppressed by using a flow micro-
reactor, which was operated at low concentration (30mgL™")
of NO5;~.
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