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Abstract

The application of a zero gap solid polymer electrolyte (ZGSPE) reactor to deminealise nitrate ions in aqueous
wastewater is described. The following performance data for the reduction of a simulated alkaline solution with
16.1 mM nitrate ions under galvanostatic operation were achieved: percentage of nitrate removal up to 100%, rates
of nitrate removal up to 0.057 mol cm)2 h)1, space–time yields up to 5.4 kg m)3 h)1, current efficiencies up to
24.5% and energy consumption between 40.1 and 63.3 kW h kg)1. The beneficial effects of higher temperatures and
nitrate ion concentrations and using a suitable electrolyte flow rate on the activity, selectivity and efficiency is
reported. PdRh1.5/Ti mini-mesh electrode used in the study was stable after a cumulative use of 1000 h.

1. Introduction

Many sources of water, especially in areas of intensive
agriculture, contain intolerable levels of nitrate ion [1].
Some industrial sectors, e.g. the nuclear industry,
produce large amounts of nitrate wastes [2]. During
the treatment of nitrate, by products, such as nitrite and
ammonia are also frequently formed which pose greater
environmental risks than nitrate [3–5]. The allowable
concentrations of such species are very low, e.g. 50 mg
NO�3 dm)3 (15 mg NO�3 dm)3 for infants) [1, 6], 0.5 mg
NO�2 dm)3 [1, 7] and 0.5 mg NH3 dm

)3 [4, 5]. Previous
investigation of nitrate reduction has contributed to the
understanding of the mechanism and the development
of technologies for the removal of nitrate from waste-
water [2, 8].
Calcination is unattractive because it requires high

temperatures and pressures to form sodium nitrate
melts and releases toxic off-gases, e.g. NOx [9].
Among current technologies for the removal of nitrate
ions, ion exchange and reverse osmosis are only
considered as pre-treatment methods [8, 10, 11].
Biological treatment of nitrate has problems of con-
tamination, low rate and maintenance [9, 11–13].
Chemical reduction of nitrate using hydrogen or
metals has limitations in its effectiveness, stability,
safety and cost [14, 15].
Electrochemical reduction is an alternative technol-

ogy for the removal of nitrates and nitrites from
wastes [2, 16–18]. The nitrate ions are reduced

according to the following reactions in alkaline media
[19, 20]:

NO�3 þH2Oþ 2e� ¼ NO�2 þ 2 OH� (1)

NO�3 þ 3H2Oþ 5e� ¼ 1

2
N2 þ 6 OH� (2)

NO�3 þ 6H2Oþ 8e� ¼ NH3 þ 9 OH� (3)

NO�2 þ 2H2Oþ 3e� ¼ 1

2
N2 þ 4 OH� (4)

NO�2 þ 5H2Oþ 6e� ¼ NH3 þ 7 OH� (5)

The main parasitic reactions are hydrogen and oxygen
evolution at the cathode and anode, respectively:

2H2Oþ 2e� ¼ H2 þ 2OH� (6)

4OH� ¼ O2 þ 2H2Oþ 4e� (7)

The overall reactions to nitrogen and ammonia are
[13, 20]:
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4NaNO3 þ 2H2O ¼ 2N2 þ 5O2 þ 4NaOH (8)

NaNO3 þ 2H2O ¼ NH3 þ 2O2 þNaOH (9)

The cathode material plays an important role in
nitrate reduction [9]. Transition metals, e.g. Pt, Pd, Rh,
Ru and Ir, and coinage metals, i.e. Cu, Ag and Au, and
their binary and ternary combinations have attracted
much research [10, 21–23]. Very recently, a patent was
filed for the electrolytic removal of nitrate containing
water using an Rh coated cathode [24]. Use of packed
particle bed Cu, Ni, Fe or Pb electrodes has been used to
decrease the concentration of the nitrate in low-level
nuclear waste from 1000 to 50 mg dm)3 [2, 8].
Electrochemical reduction of nitrate is sensitive to

solution composition, and in particularly, the solution pH
[10]. For instance, in acid solutions, nitrate reduction
occurs on Cu, Cd and Zn, but not on Ni and Pb [25].
Product distribution is highly dependent on the pH of the
solution, e.g. ammonia production is favoured at low pH
[26]. Both ammonia and hydroxylamine are reported as
major products in strong acid (>5 M H+) [27].
Product distribution dependence on applied current

density was observed; for example, the main gaseous
products for nitrate reduction at platinum in concen-
trated NaOH solutions are nitrogen and ammonia at
current densities less than 100 and 460 mA cm)2,
respectively [28].
At present, the industrial use of an electrochemical

process for nitrate removal is challenged by several
factors, e.g. low selectivity to nitrogen, formation of
nitrite intermediate, release of ammonia [9] and unsuit-
able electrodes [10, 17].
The research reported here was carried out to assess a

process for electrochemical reduction of nitrate ions to
nitrogen, with minimum formation of nitrite and
ammonia. A zero gap solid polymer electrolyte
(ZGSPE) reactor with a high surface area PdRh1.5
cathode was used because it is able to function in
various media including pure water. The reactor was
used to determine optimum reactor conditions for the
nitrate removal with simulated industrial wastewater
[8, 10] at laboratory scale. To our knowledge, the use of
a solid polymer electrolyte reactor for electrochemical
reduction of nitrate has not been previously reported.

2. Experimental details

2.1. Materials and chemicals

The following materials and chemicals were used as
received: Ti mini-mesh (Ti purity 99.6%, mesh size
1.5 mm, open area 37%, wire diameter 0.2 mm,
Goodfellow), PdCl2 (99%, Aldrich), RhCl3 (98%,
Aldrich), NaNO3 (99.99%, Aldrich), NaNO2

(99.99%, Aldrich), NaHCO3 (99.7%, Aldrich), NH4Cl

(99.5%, Aldrich), NaOH (99.99%, Aldrich), NaCl (99%,
Aldrich), Na2SO4 (99%, Aldrich), H2SO4 (98%, AnalaR,
BDH) and phthalic acid (99.5%, Aldrich).
The simulated wastewater was used as the standard,

and consisted of 84.0 g dm)3 (1 M) NaHCO3,
0.4 g dm)3 (6.8 mM) NaCl, 0.4 g dm)3 (2.8 mM)
Na2SO4 and 1.0 g dm)3 (1000 ppm, 16.1 mM) NO3

)

(in the form of NaNO3) [8]. Fresh electrolyte was used
for each electrolysis. The nitrate concentration was
varied in several experiments. All solutions were
prepared using deionised water (ELGASTAT B124
Water Purification Unit, The Elga group, England).

2.2. Electrode

A Pd–Rh titanium mini-mesh electrode was prepared by
thermal deposition of catalyst. The mesh was abraded
with emery paper and rinsed thoroughly with water and
then in acetone. Following etching with boiling 37%
HCl solution for 5 min, the mesh was put in an oven set
at 500 �C for 10 min. After cooling and weighing, the
mesh was dipped in ethanol solutions containing the
metal salts of concentration 0.2 M and then dried at
500 �C, in air, for 10 min. The dip-heating procedure
was repeated until the desired catalyst loading was
achieved. The binary catalysts were obtained by repeat-
edly depositing one catalyst component after another.
The deposited mesh was annealed at the deposition
temperature (500 �C) for 3 h and then allowed to cool to
ambient temperature. The catalyst loading was obtained
by weight difference of the mesh before and after
deposition, assuming that the most stable oxides were
formed during the deposition, i.e. PdO and Rh2O3 [19].
Finally, the deposited mesh was post-treated cathodi-
cally by electrolysis in 0.25 M H2SO4 aqueous solution
at a constant current density of 2 mA cm)2 for 60 min
(Cell voltage varied between 1.8 and 2.1 V). At the start
of pre-treatment, the electrolyte became dark in colour
and clear again at the end of the electrolysis. The
prepared binary electrode was assigned to PdRh1.5
according to the atomic ratio of the two metals, based
on weight difference of the substrate before and after
deposition.

2.3. Solid polymer electrolyte reactor

Figure 1 shows the ZGSPE reactor, which consisted of a
membrane-electrode assembly (MEA), two stainless
steel back-plates (15 cm · 10 cm · 2 cm each), two
PTFE channelled plates (15 cm · 10 cm · 2 cm each)
with six channels (2 mm in width, 1 mm in depth and
25 mm in length), eight layers of stainless steel mesh
(current collectors and turbulence promoters) and two
Tiron rubber O-ring seals. The main part of the reactor
was a membrane electrode assembly (MEA, 0.6 mm in
thickness and 20 cm2 in active area) obtained by hot
pressing the mesh anode and the mesh cathode on either
side of the pre-treated Nafion� 117 membranes at
50 kg cm)2 and 100 �C for 3 min.
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The reactor was inserted into a circulation loop
consisting of peristaltic pumps (Cole-Parmer) and res-
ervoirs (1 dm3), placed in two heating mantles (Electro-
thermal� Flask/Funnel, Cole-Parmer) for anolyte and
catholyte. After conditioning the MEA at 60 �C and
atmospheric pressure with continuous feed of 0.5 M
H2SO4 solution for 24 h, the reactor was operated in a
batch recirculation mode. The off-gases were collected in
reservoirs containing 1 M H2SO4 aqueous solutions
before venting to the atmosphere.

2.4. Electrochemical measurements

Electrode polarisation curves were obtained in a three-
electrode H-cell divided by a Nafion� 117 membrane
using cyclic voltammetry and steady-state measurements
using a ministat potentiostat, a PCI-100 computer
interface and an EC Prog v3 Software (Sycopel Scientific
Limited). The working electrode was a PdRh1.5/Ti mini-
mesh (0.75 mg Pd + 1.09 mg Rh cm)2, 1.2 cm2).
A commercial saturated calomel electrode (SCE, Rus-
sell) and a platinum mesh (20 cm2, Goodfellow) were
used as reference and counter electrodes, respectively.
All potentials are quoted against the SCE reference
electrode. All of the solutions studied were thoroughly
degassed using oxygen free nitrogen (BOC Ltd). The
working electrode was cycled between 0.4 and )1.2 V at
a scan rate of 50 mV s)1 three times before collecting
stable polarisation data.

2.5. Batch electrolysis

Batch electrolysis was performed in the ZGSPE reactor
controlled at a constant current density (1, 5, 10 or
20 mA cm)2) using a FARNELL LS60-5 power supply

for periods up to 150 h. The catholyte was mixed using
magnetic stirrer. Samples were taken at regular intervals
and were analysed for NO3

), NO2
) and NH3 concentra-

tions and for pH. The final data included ammonia
detected by absorption in a 50 cm3 1 M H2SO4 solution.

2.6. Product analysis

Concentrations of nitrate and nitrite were determined by
high-performance liquid chromatography (HPLC). The
HPLC system, supplied byDIONEX, consisted of a P 580
Pump and a Softron 2000 UVD 170S/340S UV/vis
detector with an Whatman Partisil 5 ODS-3 column
(5 lm particle size and 25 · 0.46 cm, Alltech Associates,
Inc.). The wavelengths used in the HPLC measurements
were determined using UV–vis spectroscopy (UV-160A
UV-Visible Recording Spectrophotometer, SHIMA-
DZU, Japan). Normally, the UV detector was set to
320 nm for nitrate detection and 360 nm for nitrite
detection. The mobile phase was a 4 mM phthalic acid
aqueous solution with a flow rate of 1.0 cm3 min)1. The
peaks for nitrate ions (retention time 3.15 min) and nitrite
ions (retention time 3.90 min) were characterised by using
standard solutions. Quantification of the product distri-
bution during the electrolysis was accomplished using
calibration curves prepared from authentic samples
(Aldrich). The calibrations for the standard solutions
(1.0 · 10)5 to 0.2 mol dm)3) using a sample volume of
20 ll were carried out three times for each compound and
the data were averaged. The detection limits of this
methodwas 1 ppm for nitrate ions and 0.3 ppm for nitrite
ions under the experimental conditions.
Ammonia was analysed with an Orion Model 95-12

Ammonia (NH3) Gas Sensing Combination Electrode
connected to an Orion digital Ion/pH meter (Corning
Model 135, Corning Glass Works or Orion model 920A,
Orion Research, Inc.). Calibration curves were obtained
using standard solutions of 5 · 10)5 to 0.15 mol dm)3

NH4Cl, prepared using the standard ammonium chlo-
ride solution (Orion 951006) and the ionic strength
adjustor solution (Orion 951211) at the operating
temperature. The calibrations were carried out before
and after each experiment. Test samples were prepared
for analysis by putting 1–5 cm3 samples into a 25 cm3

standard flask and diluting to the mark with ionic
strength adjuster solution (Orion 951211).
The amounts of nitrogenous gas (mainly nitrogen in

alkaline solution [4]) were obtained from the amounts of
nitrite and ammonia from the amount of reduced nitrate
[4, 15]. No evidence of other possible products, such as
hydroxylamine (NH2OH) and hydrazine (N2H4),
formed in the electrolysed solutions was found using
standard chemical analysis methods [29].

2.7. Parameter definitions

Reactor performance indicators used were normalised
percentage of nitrate removal (v), space–time yield (c)
and average rate of nitrate removal (b); selectivity using

Fig. 1. Zero gap solid polymer electrolyte cell. 1. Catholyte. 2. End

plate (stainless steel). 3. Manifold plate (PTFE). 4. Distributor

(stainless steel mesh). 5. Cathode (PdRh1.5/Ti mini-mesh). 6. Nafion

117 membrane. 7. Anode (Pt/Ti mini-mesh). 8. Seal O-ring (Tiron

rubber). 9. Anolyte. The cell dimension is 22 cm · 14 cm · 3 cm.
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yields of nitrogen (nN2), ammonia (nNH3) and nitrite
(nNO2), current efficiency (/i or /) and energy con-
sumption (wi or wR), defined as [30, 31]:

v ¼ C0 � Ct

C0
� 100% (12)

ci ¼
3600� a� j� /i �MFW

ni � F
(13a)

c ¼ R
Ci

C0 � Ct
� ci

� �
(13b)

b ¼ ðC0 � CtÞ � V

t� A
(14)

ni ¼
Ci

C0 � Ct
� 100% (15)

/i ¼
mi � ni � F

q
(16a)

/ ¼ R/i (16b)

wi ¼
ni � F� ECell

/i �MFW
(17a)

wR ¼ R
� Ci

C0 � Ct
� wi

�
(17b)

where C0 and Ct are concentrations of nitrate
(mol dm)3) at start and at an electrolysis time t (h),
respectively, Ci is the concentration of nitrogen, ammo-
nia or nitrite (mol dm)3) at t (h), a is a specific area
(m)1), defined as a ratio of the electrode area to the
volume of the batch of solution undergoing treatment, j
is the current density (A m)2), ni is the number of
electrons in the reaction forming i (i = nitrogen,
ammonia, nitrite, etc.), F is the Faraday constant
(96485 C mol)1), MFW is the molar mass of nitrate ions
(kg mol)1), V is the volume of the batch of solution
undergoing treatment (dm3), A is the geometric area of
cathode (m2), mi is the quantity of the formed species i
(mole) and q is the total electrical charge (C) and ECell is
the cell voltage. wi and wR are individual and total
energies consumed, respectively.
Considering the fact that different percentages of

initial NaNO3 were converting to intermediates accord-
ing to Equations 1–3 in alkaline solutions, a weighting
parameter (equal to Ci

C0�Ct
) was introduced in Equations

13b and 17b to calculate the contribution to the total
value of a parameter from each reaction.

3. Results and discussion

3.1. Voltammetric characteristics

Figure 2 shows a cyclic voltammogram, using the
normalised current density, obtained on a PdRh1.5/Ti
mini-mesh electrode in a simulated solution (1.0 mol dm)3

NaHCO3+6.8 mM dm)3 NaCl+2.8mMdm)3 Na2SO4

solution) with or without 0.1 M NaNO3 [8] at ambient
temperature. A cathodic plateau was observed between
)0.70 and )0.80 V vs SCE in the blank solution due
to reduction of hydrogen-containing species in solu-
tion. The current increased rapidly after )0.80 V,
which is attributed to hydrogen evolution, as evi-
denced by gas bubbles evolving from the electrode
surface. A distinct anodic current peak corresponding
to oxidation of hydrogen species was observed at
)0.41 V.
The addition of 0.1 M NO3

) led to an increase in
reduction currents after )0.48 V, indicating that nitrate
reduction occurred simultaneously with hydrogen evo-
lution. The data clearly show that, in the presence of
NO3

), there is a significant change in the oxidation peak,
i.e. a decrease in the peak current density and a negative
shift of the peak potential from )0.41 to )0.69 V, which
was accompanied by an increase in the reduction current
due to nitrate reduction (Figure 2). These shifts imply a
change of the electrode surface due to nitrate reduction
[27].
Overall, the results of voltammetric measurements

demonstrated a strong involvement of hydrogen species
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Fig. 2. Cyclic voltammetric curves on the PdRh1.5/Ti mini-mesh elec-

trode in the alkaline solution with and without nitrate ions. Cell: H-

cell divided by a Nafion� 117 membrane. Cathode: PdRh1.5/Ti mini-

mesh (0.75 mg Pd + 1.09 mg Rh cm)2, 1.3 cm2); Anode: Pt mesh

(20 cm2). Catholyte: 1.0 M NaHCO3 + 6.8 mM. NaCl + 2.8 mM

Na2SO4 solution with (d) or without (s) 0.1 M NaNO3 (100 cm3).

Anolyte: 1.0 M NaHCO3 solution (100 cm3). Scan rate: 5 mV s)1.

Temperature: 17.5±1.0 �C. The arrows indicate scan directions.
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in nitrate ion reduction [17]. The presence of adsorbed
nitrate ions and hydrogen species at the cathode surface
during the nitrate reduction has been confirmed [15, 32].
Hydrogen adatoms compete with nitrogen species for
active sites and thus hinder nitrate reduction or,
successively, the released hydrogen atoms hydrogenated
the intermediates formed [2–5].
Apart from intrinsic activity of Rh and Pd for nitrate

reduction, the effectiveness of the PdRh1.5/Ti mini-mesh
electrode for nitrate reduction can be attributed to
synergetic effects, resulting from local electronic modi-
fication and active site distribution induced by the
mixing of different catalysts [33, 34]. The metal–metal
combination modified the electronic environment and
changed structure parameters such as bonding distance
and bonding energy, reaction mechanism, etc., com-
pared to single catalyst. Consequently, new reaction
units were formed to provide the catalytically active
surface and to determine the participation of different
types of intermediates associated with ensembles of
different size [35]. Such an effect has been demonstrated
with binary and ternary catalysts showing better cata-
lytic activity, than the single catalysts, in terms of the
reduction of nitrates and prevention of formation of
ammonium [36, 37].

3.2. Bulk electrolysis – influence of current density

The effect of applied current density on current effi-
ciency in batch electrolysis, with the ZGSPE reactor
using a PdRh1.5/Ti mini-mesh electrode, during the
reduction of the simulated nitrate solution, is shown in
Figure 3. A current density of 1 mA cm)2 gave the
highest current efficiencies for nitrate reduction to
nitrogen, which fell from 95.0% to 52.4%. It is shown
in Figure 3 that the current efficiency decreased with
increasing current density. A current density of
5 mA cm)2, led to lower current efficiencies, i.e. falling
from 22.5 to 10.8%. At higher current densities, the
current efficiencies were even lower, e.g. 7.0–9.2% at
10 mA cm)2 and 3.5–4.3% at 20 mA cm)2. The decrease
in current efficiencies was probably due to higher
hydrogen gas generation in the structure of the elec-
trode. In effect a partial current density of approxi-
mately 1 mA cm)2 is associated with nitrate reduction
to nitrogen at the start of each electrolysis. A current
density of 5 mA cm)2 was used in later nitrate reduction
as it still exhibited a relatively high current efficiency,
together with the higher partial current density for
nitrate reduction to nitrogen at the end of the electrol-
ysis, i.e. u · j � 0.7, c.f. 0.5 at 1 mA cm)2.
During the electrolysis, a substantial change in aver-

age cell voltage was observed, e.g. after 24 h electrolysis,
1.6, 2.9, 5.0 and 7.4 V for current densities of 1, 5, 10
and 20 mA cm)2, respectively (Table 1). The cell volt-
age and higher current efficiencies translated into a
substantial energy savings for the operation of the
reactor at low current densities, i.e. 16.0 and

230.7 kW h kg)1 at 1 and 20 mA cm)2, respectively
(Table 1).
More data on the effect of current density on nitrate

reduction in the ZGSPE reactor are shown in Table 1.
Generally, increasing current density led to increases in
the percentage of nitrate removal, space–time yield and
average reaction rate. However, the effect was more
pronounced from 1 to 10 mA cm)2; only small changes
were observed at higher current densities (Table 1). The
amounts of by-products formed during nitrate reduction
also varied with applied current density, e.g. ammonia
yield increased from 1.1 to 7.5% when the current
density was increased from 1 to 5 mA cm)2, suggesting
that the formation of ammonia was more favourable at
higher current densities.
It is interesting to note the variation of solution pH

with current density during electrolysis. The pH of the
treated solutions gradually became more alkaline while
the anolytes became more acidic during electrolysis,
mainly due to the side reactions (Equations 6 and 7).
The maximum pH of 11.6, after 24 h electrolysis was
observed at 10 mA cm)2. The lower pH at 20 mA cm)2

was caused by greater proton transfer through the
Nafion� membrane. The different final pH values at
different current densities suggests that the production
of H+ did not match the production of OH) ion. More
alkaline media decreased nitrite and ammonia forma-
tion and suppressed hydrogen evolution during nitrate
reduction [4].
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Fig. 3. Effect of controlled current density on current efficiency for

the nitrogen formation during the electrochemical reduction of ni-

trate in a solid polymer electrolyte reactor. Current density: d

1 mA cm)2; m 5 mA cm)2; n 10 mA cm)2; r 20 mA cm)2. Reactor:

Zero gap solid polymer electrolyte reactor divided by a Nafion� 117

membrane. Cathode: PdRh1.5/Ti mini-mesh (0.75 mg Pd + 1.09 mg

Rh cm)2, 20 cm2). Anode: Pt/Ti mini-mesh (2.03 mg Pt cm)2,

20 cm2). Catholyte: 16.1 mM NaNO3 in 1.0 M NaHCO3 + 6.8 mM

NaCl + 2.8 mM Na2SO4 solution (170 cm3). Anolyte: 1.0 M NaH-

CO3 solution (170 cm3). Flow rate of electrolytes: 50 cm3 min)1.

Temperature: 18.5±1.5 �C.
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During electrolysis, hydrogen evolution took place
simultaneously in the potential region of nitrate reduc-
tion. So nitrate was reduced on the electrode while
generated hydrogen adatoms took part in nitrate reduc-
tion. The hydrogen adatoms compete with nitrogen
species for the active sites and thus hinder nitrate
reduction and/or the released hydrogen atoms hydroge-
nate the intermediates formed and the absorbed hydro-
gen atom react with nitrate [2–5, 15]. In addition,
hydrogen evolution occurred in the solution and, overall
processes determine the activity, selectivity and effi-
ciency of the process.

3.3. Bulk electrolysis – influence of nitrate concentration
and temperature

Figure 4 shows the average rates of nitrate removal
during constant current electrolysis in the ZGSPE
reactor using a PdRh1.5/Ti mini-mesh cathode at
5 mA cm)2 in the simulated solution with different
concentrations of nitrate. When the concentration of
NaNO3 was lower than 1 mM, the rate of nitrate
removal was low, i.e. between 0.00027 and
0.0037 mol cm)2 h)1. With an increase in concentration
of NaNO3, the rate increased significantly, i.e. around
0.06 and 0.10 mol cm)2 h)1 in 16.1 and 100 mM solu-
tions, respectively. A higher concentration increased
mass transfer of nitrate to the electrode and thus
increased the rate of nitrate removal.
Table 2 shows that nitrate concentration had a

significant effect on space–time yield, i.e. at 24 h, values
of 0.03, 0.3, 4.7 and 9.8 kg m)3 h)1 in 0.1, 1.0, 16.1 and
100 mM nitrate solutions, respectively. These changes
were caused mainly by changes in the rate of nitrate
removal.
The nitrate concentration also affected the current

efficiency, e.g. at 24 h, 0.09, 0.87, 13.0 and 29.2% for the
nitrogen formation in 0.1, 1.0, 16.1 and 100 mM nitrate
solutions, respectively (Table 2). Current efficiency also

decreased with the electrolysis time, since nitrate con-
centration decreased and hydrogen evolution gradually
increased with time.
An increase in nitrate concentration significantly

reduced energy consumption, e.g. after 24 h electrolysis,
46.4 · 102, 927, 34.5 and 37.1 kW h kg)1 (based on the
nitrate reduction) in 0.1, 1.0, 16.1 and 100 mM nitrate
solutions, respectively (Table 2). The higher energy
consumption in the dilute solutions was a direct
consequence of the lower current efficiencies and
increased cell voltage, e.g. 0.3 V higher in 0.1 mM
nitrate, compared to 100 mM (Table 2). The selectivity
of nitrate reduction was approximately constant over
the range of nitrate concentration investigated (Ta-
ble 2). For each solution, reaction rate, selectivity and
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Fig. 4. Effect of nitrate concentration and temperature on rate of ni-

trate removal during the electrochemical reduction of nitrate in a so-

lid polymer electrolyte reactor. Concentration of nitrate: d 100 mM;

n 16.1 mM; h 16.1 mM, 80 �C; m 1 mM; s; 0.1 mM. Flow rate of

electrolytes: 50 ml min)1. Other conditions as in Figure 3.

Table 1. Effect of controlled current density on nitrate reduction in the ZGSPE reactora

Current density (mA cm)2)

1 5 10 20

v (%) 57.7 73.9 94.9 100

c (kg m)3 h)1) 3.2 4.0 5.2 5.4

b (mol cm)2 h)1) 0.033 0.042 0.054 0.057

nNO2
(%) 0 0 0 0

nNH3
(%) 1.1 2.4 2.9 7.5

nN2
(%) 98.9 97.6 97.1 92.5

/ (%)b 52.4 13.5 7.0 3.5

w (k W h kg)1)b 16.0 74.0 151.8 230.7

Catholyte pHc 8.68 9.61 11.59 9.96

Anolyte pHd 7.20 5.12 1.85 1.04

ECell 1.6 2.2 5.0 7.4

aThe conditions are as in Figure 3 and all data were collected at 24 h.
bData for nitrogen formation.
cThe initial pH was 7.65.
dThe initial pH was 7.45.
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efficiency of the nitrate reduction decreased shortly after
the start of electrolysis.
Figure 4 shows the influence of the reaction temper-

ature (18.5–80 �C) on nitrate reduction in the ZGSPE
reactor. Increasing temperature favoured ammonia
formation and reduced nitrogen formation (Table 2),
as previously reported [2]. A reason for this was due to
different pH change of the catholyte at different tem-
perature during the electrolysis, e.g. at 24 h, the cath-
olyte pH changed from 7.65 to 9.61 to 10.34 at
18.5±1.5 �C and 80 �C, respectively. The pH change
was a natural result of the various reactions of nitrate
reduction (Equations 1–3). In basic solutions, increasing
pH could suppress hydrogen evolution and increase
ammonia formation [32]. Consequently, the current
efficiency for nitrogen formation decreased slightly when
the temperature was increased from 18.5 to 80 �C
(Table 2).
In general, increasing temperature could affect the

reduction rate of nitrate in several ways, for example, by
increasing the rate of diffusion and the strength of the
adsorption.
The percentage of nitrate removal, space–time yield

and rate of nitrate removal increased with increasing
temperature. For example, the rate of nitrate removal at
80 �C was three times higher than that at 18.5 �C at the
initial stage of electrolysis (Figure 3) and only increased
by 0.005 mol cm)2 h)1 at 24 h, as the nitrate concen-
tration was much lower at 24 h. As the temperature
increased, the energy consumption decreased, e.g. at
24 h, the values were 34.5 and 21.0 kW h kg)1 at 18.5
and 80 �C, respectively (Table 2). The effect was mainly
due to the decrease in the cell voltage, i.e. 2.1 and 1.1 V
at 18.5 and 80 �C, respectively (Table 2).

3.4. Bulk electrolysis – influence of flow rate

The influence of electrolyte flow rate on the percentage
of nitrate removal is shown in Figure 5. The percentages
of nitrate removed were nearly identical at flow rates of
50 and 100 cm3 min)1 (ca. 92%) and were higher than at
the lower flow rate of 15 cm3 min)1 (74%). At low flow

rates, e.g. 15 cm3 min)1, there was lower mass transfer
rate, as observed previously during nitrate reduction in a
catalytic membrane reactor [4].
A variation in selectivity of nitrate reduction with flow

rate was observed in this study, e.g. at 24 h, the nitrogen
yields were 88.9, 94.0 and 98.8% at 15, 50 and
100 cm3 min)1, respectively and the ammonia yield
decreased from 10.1% at 15 cm3 min)1 to 1.2% at
100 cm3 min)1 (Table 3). Higher flow rates benefited
nitrogen formation while ammonia formation was
suppressed, which can be partially attributed to differ-
ences in mass transfer at different flow rates.

3.5. Bulk electrolysis – long duration experiment

Experiments of 150 h were carried out to assess the
effectiveness and stability of the ZGSPE reactor,
particularly for the cathode. Figures 6–8 show the
average data from two 150 h electrolyses of 100 mM
NaNO3 + 1.0 MNaHCO3 + 6.8 mMNaCl + 2.8 mM
Na2SO4 solution (170 cm3), using the PdRh1.5/Ti
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Fig. 5. Effect of flow rate on percentage of nitrate removal. Flow

rate: d 50 cm3 min)1; n 15 cm3 min)1; m 100 cm3 min)1. Other con-

ditions as in Figure 3.

Table 2. Effect of concentration of nitrate and temperature on nitrate reductiona

Concentration (mM)

0.1 1.0 16.1 16.1 (80 �C) 100

v (%)b 100 100 91.7 100 35.7

c (kg m)3 h)1) 0.03 0.3 4.7 5.2 9.8

b (mol cm)2 h)1) 0.00027 0.0035 0.052 0.057 0.105

nNO2
(%) 0 0 0 0 0

nNH3
(%) 5.6 6.3 6.8 16.0 7.5

nN2
(%) 94.4 93.7 93.2 84.0 92.5

/ (%)c 0.09 0.87 13.0 12.6 29.2

w (k W h kg)1)b 46.4 · 102 927 34.5 21.0 37.1

ECell (V) 2.3 2.3 2.1 1.1 2.0

aThe conditions are as in Figure 4 and all data were collected at 24 h.
bNon-normalised data based on the nitrate reduction.
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mini-mesh cathode at a current density of 5 mA cm)2.
Conversion of nitrate steadily increased and finally,
reached 100% with concomitant formation of nitrogen
and ammonia (Figure 6). The amount of nitrogen
reached high values within 80 h, after which the
amounts of nitrogen concentrations levelled off. The
concentration of ammonia increased gradually and
finally reached a value of 8.7 mM (Figure 6). The initial
increase in nitrogen and ammonia can be explained by
the relatively high reaction rates of Equations 2 and 3
(nitrate to nitrogen and to ammonia). The levelling off
in nitrogen after 80 h of electrolysis was attributed to
the decrease in concentration of nitrate in the treated
solution and the consequentially gradual decrease in the
nitrogen production rate. No nitrite ions were detected
during the electrolysis due to the high selectivity of the
PdRh1.5/Ti mini-mesh cathode for nitrate reduction to
ammonia and nitrogen. Other possible intermediates,

e.g. NH2OH, were also not detected and, possibly,
because their reduction in alkaline solutions was faster
than in acidic solutions [38]. Thus, only the overall
reactions providing stable products were considered
here. Other possible intermediate steps were not consid-
ered in this work.
Both the space–time yield and rate of nitrate removal

during the long duration experiment decreased with
electrolysis time, as shown in Figure 7, which were due
to a decrease in nitrate concentration. Current efficiency
and energy consumption were in the ranges 15–54% and
25–85 kW h kg)1, respectively (Figure 7). The decrease
in the current density was mainly due to the decrease in
reduction rate, which was a consequence of a decrease in
nitrate concentration. Increased cell voltage (2.6–3.1 V
after 150 h) resulted in an increase in the energy
consumption.
The high activity, high selectivity and high efficiency

observed during the long duration experiments were
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Table 3. Effect of flow rate of electrolyte on nitrate reduction in the ZGSPE reactora

Flow rate (cm3 min)1)

15 50 100

v (%) 73.9 91.7 91.0

c (kg m)3 h)1) 4.0 4.7 5.1

b (mol cm)2 h)1) 0.042 0.052 0.052

nNO2
(%) 0 0 0

nNH3
(%) 10.1 6.0 1.2

nN2
(%) 88.9 94.0 98.8

/ (%)b 10.0 13.0 13.5

w (k W h kg)1)b 40.0 37.7 31.7

ECell (V) 2.1 2.1 2.0

aThe conditions are as in Figure 6 and all data were collected at 24 h.
bData for nitrogen formation.
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mainly attributed to the activity of the PdRh1.5/Ti mini-
mesh electrode. After a cumulative use of 1000 h (includ-
ing two 150 h repeated experiments), the PdRh1.5/Ti
mini-mesh electrodewas stable and had no obvious loss in
catalytic activity (similar results were still obtained when
the cathodewas used to repeat several runs). Thepotential
use of the electrode in large-scale or long-term electrolyses
without the necessity to regenerate the electrode surface,
has been demonstrated to a significant extent.

3.6. Comparison between ZGSPE reactor and H-cell

Table 4 compares the reduction of nitrate in the ZGSPE
reactor and in an H-cell. Higher values of the percentage
of nitrate removal, space–time yields, rate of nitrate
removal and current efficiency were achieved in the

H-cell, compared to the ZGSPE reactor (Table 4),
mainly due to difference in the cathode surface areas
used in the two cells and the contact of the cathode with
the Nafion� membrane in the ZGSPE. In the ZGSPE
reactor, part of the cathode surface area was blocked by
the current collector and the membrane; both sides of
the cathode surface in the H-cell could fully contact the
catholyte. Improvement in design of the ZGSPE reactor
structure should provide a further improvement in the
reactor performance. The selectivity achieved in the two
types of cell was similar, but lower energy consumption
was observed in the ZGSPE reactor compared to the
H-cell. A substantial voltage drop of 1.1 V at a current
density of 5 mA cm)2 was observed, which compen-
sated for a lower current efficiency.
It was noted that the reduction of nitrate in pure

water and in the simulated solution using the ZGSPE
reactor achieved similar performance data, as shown in
Table 4. This has an important implication, i.e. no
restrictions in medium and/or in nitrate concentration
for the reduction of nitrate wastewater in the ZGSPE
reactor, which offers an attractive technology to treat
various wastes.
High ammonia concentration was observed after the

long duration electrolysis. The problem could be
addressed via paired electrolysis (simultaneous reduc-
tion of nitrate and oxidation of ammonia) and this
related work will be reported elsewhere.
The data reported are similar or better than other

reported results, e.g. reduction of the nitrate concentra-
tion from 600 to 50 mg dm)3 with a current efficiency of
22% and ammonia as a main product, during reduction
of nitrate in NaHCO3 solutions at a copper plate
cathode in an undivided flow-through reactor [13].
Higher current efficiency, e.g. 40%, and very low energy
consumption, e.g. 0.05 kW h kg)1, have been reported
[2, 8, 39]. These results indicate the potential use of
three-dimensional materials in ZGSPE reactor to en-
hance mass transfer and increase process efficiency.

Table 4. Comparison of the ZGSPE reactor with the H-cell for nitrate reductiona

Cell

ZGSPE reactor ZGSPE reactor (H2O) H-cell

Value Normalised Value Normalised Value Normalised

v (%) 56.8 30.8 54.6 29.7 70.4 38.3

c (kg m)3 h)1) 8.3 4.5 8.4 4.6 8.6 4.7

b (mol cm)2 h)1) 0.11 0.06 0.10 0.056 0.13 0.07

nNO2
(%) 0 0 0 0 0 0

nNH3
(%) 12.7 6.9 10.4 5.7 13.2 7.2

nN2
(%) 87.3 47.4 89.6 48.7 86.8 47.2

/ (%)b 24.6 13.4 24.3 13.2 30.3 16.5

w (k W h kg)1)b 43.2 46.1 50.6

ECell (V) 2.9 2.8 4.0

aAll data were collected at 45 h. The conditions for the ZGSPE reactor are as in Figure 6. The conditions for the H-cell – Cathode: PdRh1.5/Ti

mini-mesh cathode (0.75 mg Pd + 1.09 mg Rh cm)2, 9 cm2); Anode: Pt mesh (20 cm2). Catholyte: 0.1 M NaNO3 in 1.0 M NaHCO3 solution

(75 cm3). Anolyte: 1.0 M NaHCO3 solution (75 cm3). Controlled current density: 5 mA cm)2. Temperature: 15.5±1.5 �C.
bData for nitrogen formation.
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4. Conclusions

Treatment of nitrate wastes using a ZGSPE reactor has
been demonstrated. At high current densities, e.g.
20 mA cm)2, high percentages of nitrate removal up to
100%, high rate of nitrate removal up to
0.057 mol cm)2 h)1 and high space–time yields up to
5.4 kg m)3 h)1 were achieved. The current efficiency was,
however, low, i.e. in a range of 3.5–4.3%, and the energy
consumption was in the range of 170–231 kW h kg)1 for
the reduction of a simulating solution containing
16.1 mM nitrate. The reduction of the same nitrate
solution at low current densities, e.g. 5 mA cm)2,
improved current efficiency to a range of 13.5–24.5%
and thus reduced the energy consumption to a range of
40.1–63.3 kW h kg)1. The low current density also
increased the nitrogen yield and decreased the ammonia
yield.
The rate of nitrate removal, the space–time yield and

the current efficiency increased significantly and the
energy consumption decreased significantly with
increasing nitrate concentration. Percentage of nitrate
removal, space–time yield and rate of nitrate removal
increased with increasing temperature. Increasing tem-
perature favoured ammonia formation and reduced
nitrogen formation. Use of a high electrolyte flow rate of
50–100 cm3 min)1 led to a high percentage of nitrate
removal. Use of higher flow rates increased nitrogen
formation and suppressed ammonia formation.
The effectiveness and stability of the ZGSPE reactor

was evaluated in long duration experiments of 150 h. The
complete removal of 100 mM nitrate was achieved with
nitrogen as the main product. The PdRh1.5/Ti mini-mesh
electrode provided stable performance over a cumulative
use of 1000 h without obvious loss of catalytic activity.
The reduction of nitrate in pure water was carried out

in the ZGSPE reactor, which demonstrated that the
technology could be used to treat nitrate wastes with
different levels of nitrate ions.
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