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Paired electrolysis in a solid polymer electrolyte reactor—Simultaneously
reduction of nitrate and oxidation of ammonia
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Abstract

Simultaneous reduction of nitrates and oxidation of ammonia in aqueous solutions have been carried out in a zero gap solid polymer elec-
trolyte (ZGSPE) reactor, operated galvanostatically in a batch recycle mode. Complete removal of 16.1 mM nitrate and 9.4 mM ammonia was
achieved within 45 h with removal rates of 0.057 mol NO3

− cm−2 h−1 and 0.017 mol NH3 cm−2 h−1. Space–time yields of 5.4 kg NO3 m−3 h−1

and 0.17 kg NH3 m−3 h−1, current efficiencies for nitrogen formation of 24.5% in the nitrate reduction and 1.4% in the ammonia oxidation and
energy consumptions of 40.1 kWh (kg NO3

−)−1 were obtained during nitrate reduction, no nitrite was formed and N2 was the main product
under the best conditions. However, an improvement in the selectivity for the ammonia oxidation towards nitrogen is required. Effects of
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eactant concentrations, temperature and flow rate have been investigated. Use of the ZGSPE reactor could treat a wide ran
ontaining nitrate and ammonia, including those with very low levels of nitrate ions and ammonia.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Intensive use of fertilisers in agriculture and nitrate salts in
ome industrial sectors, e.g. the nuclear industry, causes se-
ere nitrate pollution in many sources of water and industrial
ites[1,2]. Performance assessment of low-level wastes indi-
ates that nitrate and nitrite are among the major contributors
o potential environmental release and personnel exposure
3]. Ammonia is a common and highly toxic component
n gaseous and aqueous waste streams, and its destruction
as therefore become a prominent topic in environmental
atalysis[4]. Since nitrite can convert to carcinogenic ni-
rosoamines in food products and within the human digestive
ystem[5] and ammonia can damage internal organ systems
f human beings and higher animals at 1 ppm level[6,7], the
llowable concentrations of these species are very low, e.g.
0 mg NO3

− dm−3 (15 mg NO3
− dm−3 for infants) [1,8],

.5 mg NO2
− dm−3 [1,9] and 0.5 mg NH3 dm−3 [6,7]. Inten-

ive investigation has contributed to understand the nitrate

∗ Corresponding author. Tel.: +44 191 222 5207; fax: +44 191 222 5292.

reduction reaction and to develop technologies for rem
of nitrate from drinking water and wastewater[2,10].

Early treatment of nitrate wastes used calcination, w
is unattractive now because it requires high temperature
pressures, it forms sodium nitrate melts and releases
off-gases, e.g. NOx [11,12]. Among current technologie
used to remove nitrate from aqueous solutions, ion exch
and reverse osmosis only separate rather than de
nitrate, produce secondary brine wastes and require fre
regeneration of the media, which introduced new pollu
[10,13–15]. Biological treatment of nitrate at millimol
levels was considered as a more economic process tha
exchange, electrodialysis and chemical reduction, w
can remove nitrates down to 2–10 mg l−1 of total nitrogen
However, biological denitrification is slow and incomple
it requires intensive maintenance and constant supp
organic substrates and chlorine, and it causes problem
disposal of biomass sludge and contamination of denitr
water by bacteria and/or produced toxic nitrous oxide
nitric oxide [11,12,14–17]. Chemical reduction of nitra
using hydrogen or metals, e.g. iron and Pd-based cata
has been attractive[14,18,19], but low effectiveness, dispos
E-mail address:hua.cheng@ncl.ac.uk (H. Cheng).
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of large amounts of sludge and ammonia, concerns of the
process stability and safety and high costs prevented its wide
application[12,20,21].

Electrochemical reduction has been proposed as an alter-
native technology for removal of nitrates, nitrites and ammo-
nia through the following reactions, for example, in alkaline
media[2,10,13,22–30]:

Nitrate reduction

NO3
− + H2O + 2e− = NO2

− + 2OH− (1)

NO3
− + 3H2O + 5e− = 1

2N2 + 6OH− (2)

NO3
− + 6H2O + 8e− = NH3 + 9OH− (3a)

NO2
− + 2H2O + 3e− = 1

2N2 + 4OH− (4)

NO2
− + 5H2O + 6e− = NH3 + 7OH− (5a)

Ammonia oxidation

NH3 + 3OH− = 1
2N2 + 3H2O + 3e− (6)

NH3 + 9OH− = NO3
− 6H2O + 8e− (3b)

NH3 + 7OH− = NO2
− 5H2O + 6e− (5b)

Compared to other methods, e.g. ion exchange, electro-
chemical reduction was relatively simple because it used
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interfacial surface area and enhanced mass transfer[10]. A
new technique combining electroreduction and electrocoag-
ulation was used to remove nitrate from water, which led to
a decrease of nitrate concentration from 100 to 30 mg dm−3,
with a very low energy consumption of 0.05 kWh kg−1 [44].

Reduction of both nitrate and nitrite in acidic media occurs
at more positive potentials than in alkaline media[13,45–48]
and nitrate reduction occurs on Cu, Cd and Zn, but not on Ni
and Pb in acid solutions[49]. Product distribution was highly
dependent on the pH of the solution, e.g. ammonia was pro-
duced favourably at low pH[50,51], and on potential, i.e.
ammonia formed under most potentials but a reduction to
nitrogen only occurred at certain potentials[52]. Both am-
monia and hydroxylamine were reported as major products
in strong acid (>5 M H+) [53].

Reduction of nitrate in alkaline media has attracted a lot
of fundamental and applied research in several industrial sec-
tors [2]. For example, in concentrated NaOH solutions, the
nitrate concentration decreased from 600 to 50 mg dm−3 with
a current efficiency of 22% using a flow-through reactor with
a Cu electrode[17]. A reduction of the nitrate concentration
from 1000 to 18 mg dm−3 was achieved in weakly alkaline
solution, i.e. a NaHCO3 solution[10].

At the moment, the industrial use of electrochemical ni-
trate removal is challenged in several ways, e.g. low selec-
tivity to nitrogen, formation of nitrite intermediate and re-
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ess operation steps. The disposal volume of waste
lectrochemical process could be decreased signific
y up to 75%; due to recycle of the hydroxide produ

2,3,10,13,22–25].
Significant research has gone into the search for a

elective and efficient cathode materials for nitrate redu
11]. Transition metals, i.e. Pt, Pd, Rh, Ru and Ir, and coin
etals, i.e. Cu, Ag and Au, have been researched, partic

n acidic media[13,31–33]. More recent attention has mov
o binary and ternary catalysts, e.g. Pd–Ge, Pt–Pd, P
nd Pt–Pd–Ge[34–36]. In addition to high activity, hig
electivity could be achieved through the use of bimet
lectrodes. For instance, during the reduction of nitrate
d/Cu electrodes, the main product was nitrogen at low
overage and the amount of N2O increased as the Cu co
rage increased[36]. Very recently, a patent was applied

he electrolytic removal of nitrate containing water using
h coated cathode in which the nitrate ions were conv

o nitrogen gas[37]. New materials, e.g. B-doped diamo
38,39], Dawson-type heteropolyanions, P2W12Mo5Cu or
2W15Mo5Ni [40,41], phthalocyanine complexes of Mn, F
o, Ni, Cu and Zn[42] and hydrogen storage alloys, e.g

NiAlMnCo)5 (M = La, Ce and Pr)[43], have been used
he electrochemical reduction of nitrate with ammonia a
ain product. However, the suitability of these materials

echnical process has not yet been tested. Use of engin
aterials such as packed particle bed electrodes (Cu, N
r Pb) has led to a significant decrease in the concentr
f the nitrate, e.g. from 1000 to 50 mg dm−3 with a curren
fficiency of 40%, in low-level nuclear waste due to h
ease of ammonia[12,13], unsuitable electrodes[21,25,54],
eposition of metal impurities on the cathode and chan
athode properties[55], release of off-gases, requirement
ignificant quantities of make-up water and disposal of N
y-product[13].

The electrochemical oxidation of ammonia in aqueou
aline solutions at high surface area platinum electrode
een the subject of several studies because of drawba
ther technologies, e.g. high cost with low effectivenes
acterial degradation[56]. The oxidation mechanism was
ajor topic of early work[57–60]. The research attract

ndustrial interest, especially for removal of ammonia fr
astewater[61]. A typical example is oxidising ammon

n an undivided flow cell with platinised graphite, Ti or
node and stainless steel cathode during secondary s

reatment. The NH3 was oxidised to nitrogen with 25–57
f removal and current efficiencies between 13.5 and 2

or treatment of a typical sewage effluent, i.e. 30 mg d−3

mmonia at pH 8. The main barrier for scale-up was
apital investment[61].

Platinum was considered as the best anode materi
mmonia oxidation because it was able to prevent form
f poisoning species, e.g. Nads, and to stabilise active speci
.g. NHads. The former could block the electrode surface

he latter could combine to N2Hx (x= 2–4) adspecies and th
o form N2. Lower activity and selectivity was observed
uthenium, rhodium, palladium and iridium electrodes. G
ilver and copper only showed low activity[57,62–66].

One of the major problems in the electrochem
eduction of nitrate is production of ammonia, which cau
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environmental concern and was unallowable in some indus-
trial sectors, e.g. drinking water industry[42,54]. Therefore,
it was our aim to establish a technical process based on paired
electrolysis, i.e. perform nitrate reduction and ammonia oxi-
dation simultaneously, in a zero gap solid polymer electrolyte
(ZGSPE) reactor to remove both nitrate and ammonia. The
reactor was evaluated in terms of percentages and rates of
nitrate and ammonia removal, selectivity, current efficiency
and energy consumption. To our best knowledge, this is a first
report using a zero gap solid polymer electrolyte reactor for
simultaneous reduction of nitrate and oxidation of ammonia.

2. Experimental

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, Goodfel-
low), 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), NH3 (35% aqueous solution,
AnalaR, BDH) and phthalic acid (99.5%, Aldrich).
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were obtained by depositing the first component followed
by depositing the second constitute and repeating the pro-
cedure. The deposited mesh was annealed at the deposition
temperature (500◦C) for 3 h then allowed it cool naturally
to ambient temperature. The catalyst loading was obtained
by weight difference of the mesh before and after deposition
assuming those most stable oxides were formed during the
deposition, i.e. PdO and Rh2O3 [26]. Finally, the deposited
mesh was post-treated by electrolysis in an undivided cell
using the deposited mesh as cathode and a Pt mesh as an-
ode in 0.25 M H2SO4 aqueous solution at a constant current
density of 2 mA cm−2 for 30–60 min. At the start, the elec-
trolyte became dark in colour, possibly due to dissolution of
the catalysts; the solution was clear again at the end of the
electrolysis, possibly, the dissolved catalysts were deposited
onto the mesh again. The prepared binary electrode was as-
signed as PdRh1.5 according to the atomic ratio of the two
metals.

2.3. Solid polymer electrolyte reactor

A zero gap (i.e. electrodes and SPE are in direct contact)
solid polymer electrolyte reactor was used to treat the ni-
trate solutions under various conditions (Fig. 1). The reactor

Fig. 1. (a) Zero gap solid polymer electrolyte reactor—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. (b) Flow diagram—10: gas adsorbent
reservoir; 11: catholyte reservoir; 12: zero gap solid polymer electrolyte
reactor; 13: pump; 14: anolyte reservoir.
A model simulating spent solution after strongly
ic anion exchanger regeneration in the drinking w
reatment industry was used as catholyte in this s
he solution consisted of 84.0 g dm−3 (1 M) NaHCO3,
.4 g dm−3 (6.8 mM) NaCl, 0.4 g dm−3 (2.8 mM) Na2SO4
nd 1.0 g dm−3 (1000 ppm, 16.1 mM) NO3− (in the form of
aNO3) [10]. The nitrate concentration was changed in
ral experiments. Anolytes used were the catholytes obt

rom the nitrate reduction or simulated those discharged
he sewage, which contained low concentrations of amm
61]. Fresh electrolytes were used for each paired elect
is.

All solutions were prepared using deionised water
ained from an ELGASTAT B124 Water Purification U
The Elga Group, England).

.2. Electrode

Pd–Rh titanium mini-mesh electrodes were thermally
osited. The mesh was made of woven titanium wires ha
esh apertures of 2 mm and had a very open structur
elivering reactants and products. It was first abraded
mery paper and rinsed thoroughly with water and rinse
cetone. Following etching with boiling 37% HCl solut

or 5 min, the mesh was put into an oven set at 500◦C for
0 min. After cooling and weighing, the mesh was dippe
thanol solutions containing the metal salts (0.2 M) and
ut into the oven at the deposition temperature (500◦C), in air,

or 10 min. The dip-heating procedure was repeated unt
esired catalyst loading was achieved. The binary cata
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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 collec-
tors and turbulence promoters) and two Tiron rubber O-ring
[67]. The main part of the reactor was a sandwiched mem-
brane electrode assembly (MEA, 0.6 mm in thickness and
20 cm2 in active area) obtained by hot pressing the mesh an-
ode 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
[68]. A Nafion® 117 membrane was used to retain the nitrate
ions in the cathode chamber and thus to obtain reliable data
for the concentration change of nitrate ions. In the reactor,
the cation Na+, rather than H+, acted as the charge carrier in
the solid electrolyte.

The reactor was inserted into a circulation loop con-
sisting of anolyte and catholyte peristaltic pumps (Cole-
Parmer) and reservoirs (1 dm3) placed in two heating mantles
(Electrothermal® Flask/Funnel, Cole-Parmer). After condi-
tioning the MEA at 60◦C and atmospheric pressure with con-
tinuous feed of 0.5 M H2SO4 solution for 24 h, the reactor was
used under various operating conditions in a batch recircu-
lation mode. The off-gases were introduced into reservoirs
containing 1 M H2SO4 aqueous solutions before venting to
the atmosphere. The reactor rig was operated in a closed loop
s lyte,
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periods up to 150 h. The electrolytes were flowed at a con-
stant rate, i.e. 15, 50 or 100 cm3 min−1. Samples were taken
at regular intervals and were analysed for concentrations of
NO3

−, NO2
−, NH3 and pH, etc. One molar H2SO4 solutions

(50 ml for each chamber) were used as absorbent for the re-
leased ammonia[43], if any. The final data included ammonia
detected in the absorption solution.

2.6. Product analysis

High-performance liquid chromatography (HPLC) was
performed in a DIONEX HPLC system, which consisted
of a P 580 Pump and a Softron 2000 UVD 170S/340S
UV/Vis detector with a Whatman Partisil 5 ODS-3 column
(5�m particle size and 25 cm× 0.46 cm, Alltech Asso-
ciates, Inc.). The wavelengths used in HPLC measurements
were determined using UV–vis spectroscopy (UV-160A
UV–Visible Recording Spectrophotometer, SHIMADZU,
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. Quantifi-
cation of the product distribution during the electrolysis
was accomplished by use of calibration curves with the au-
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.4. Electrochemical measurements

The polarisation curves were measured in a th
lectrode, two-compartment cell divided by a Nafion® 117
embrane using cyclic voltammetry and steady-state p

sation measurements. A potentiostat set, which consist
Ministat Potentiostat, a PCI-100 computer interface an
C Prog v3 Software (Sycopel Scientific Limited) was u

or all voltammetric and steady-state measurements.
orking electrodes were a PdRh1.5/Ti mini-mesh (0.75 m
d + 1.09 mg Rh cm−2, 1.2 cm2) for nitrate reduction and
t/Ti mini-mesh (2.03 mg Pt cm−2, 1.2 cm2) for ammonia
xidation. A commercial saturated calomel electr
SCE, Russel) and a platinum mesh (20 cm2) were used a
eference and counter electrodes, respectively. All pote
re quoted against the SCE reference electrode. All o
olutions studied were thoroughly degassed using ox
ree nitrogen (BOC Ltd.). The PdRh1.5 or the Pt working
lectrodes were cycled three times between 0.4 and−1.2 V
r 0.4 and 1.6 V at a scan rate of 50 mV s−1 before collecting
table polarisation data.

.5. Batch electrolysis

Batch electrolysis was performed in the ZGSPE r
or controlled at a constant current density (1, 5, 10
0 mA cm−2) using a FARNELL LS60-5 power supply f
hentic samples (Aldrich). The calibrations for the stand
olutions (1.0× 10−5 to 0.2 mol dm−3) were carried ou
hree times for each compound and the data were aver

sample volume of 20�l was generally employed. Th
etection limits of this method were 1 ppm for nitr

ons and 0.3 ppm for nitrite ions under the experime
onditions.

Ammonia was analysed with an Orion Model 95
mmonia (NH3) Gas Sensing Combination Electrode c
ected to an Orion digital Ion/pH meter (Corning Model 1
orning Glass Works or Orion model 920A, Orion Resea

nc.). Calibration curves were obtained using standard
ions of 5× 10−5 to 0.15 mol dm−3 NH4Cl, prepared usin
he standard ammonium chloride solution (Orion 9510
nd the ionic strength adjustor solution (Orion 951211

he operational temperature. The calibrations were ca
ut before and after each experiment. The sample for d
ining ammonia was prepared by putting 1–5 cm3 samples

nto a 25 cm3 standard flask and adding an ionic stren
djustor solution (Orion 951211) to the mark of the fl
efore the measurement was carried out. A 50 ml 1 M H2SO4
olution acted as absorbent for the produced ammonia[43],
f any. The detected ammonia concentration of the colle
olution was included in the product distribution.

A reported method was used to obtain the amoun
itrogenous gas formed, which was deduced from the
itrogen concentration in solution measured before and

he electrolysis[6,21]. No evidence for other probable liqu
roducts, such as hydroxylamine (NH2OH) and hydrazin
N2H4), was found in our electrolysed solutions using
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standard chemical analysis methods[69], which is similar
as reported previously[60].

2.7. Parameter definitions

Reactor performance was evaluated based on activity us-
ing normalised percentage of nitrate or ammonia removal (χ),
space–time yield (γ) and average rate of nitrate or ammonia
removal (β); selectivity using yields of nitrogen (ξN2), am-
monia(ξNH3), nitrite (ξNO2) and nitrate(ξNO3) and efficiency
using current efficiency (φi or φ) and energy consumption
(ψi orψR). The parameters are defined as[70–73]:

χ = C0 − Ct

C0
× 100% (7)

γi = 3600× α× j × φi ×MFW

ni × F
(8a)

γ =
∑ (

Ci

C0 − Ct
× γi

)
(8b)

β = (C0 − Ct) × V

t × A
(9)

ξi = Ci

C0 − Ct
× 100% (10)
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Most parameters were normalised to catalyst loading un-
less otherwise stated.

3. Results and discussion

3.1. Voltammetric characteristics

Fig. 2shows a cyclic voltammogram using normalised cur-
rent density obtained on a PdRh1.5/Ti mini-mesh electrode in
the simulating solution with or without 0.1 M NaNO3 [10]
at ambient temperature. The figure shows a cathodic plateau
between−0.70 and−0.80 V versus SCE in the blank so-
lution due to reduction of species in solution. The current
increased rapidly after−0.80 V, which was attributed to hy-
drogen evolution in the medium, as evidenced by the fact
that gas bubbles were evolved violently from the electrode
surface. A broad anodic peak was observed at−0.41 V due
to oxidation of the unspecified electroactive species from the
hydrogen evolution. The addition of 0.1 M NO3 led to an in-
crease in reduction currents below potentials of−0.48 V, thus
indicating the formation of an active surface on the electrode
for the reduction of nitrate, in addition to the species leading
to the hydrogen evolution. The figure clearly shows that, in
the presence of NO3, the significant change of the oxidation
p nega-
t
a ue to
n he
e
i

F n
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N
1 ith
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t s
i

i = mi × ni × F

q
(11a)

=
∑

φi (11b)

i = ni × F × Ecell

φi ×MFW
(12a)

R =
∑ (

Ci

C0 − Ct
× ψi

)
(12b)

hereC0 andCt are concentrations of nitrate or ammo
mol dm−3) at the start and at the electrolysis timet (h), re-
pectively,Ci the concentration of nitrogen, ammonia, nit
r nitrate (mol dm−3) at t (h), α the specific area (m−1), de-
ned as a ratio of the electrode area to the volume o
atch of solution undergoing treatment,j the current densit
A m−2),ni is the number of electrons in the reaction form
(i = nitrogen, ammonia, nitrite, nitrate, etc.),F the Farada
onstant (96,485 C mol−1), MFW the molar mass of nitra

ons or ammonia (kg mol−1), V the volume of the batch o
olution undergoing treatment (dm3),A the geometric area
athode (m2),mi the quantity of the formed speciesi (mol),
the total electrical charge (C) andEcell is the cell voltage
i , andψR are energies consumed for formation ofi, nitrate

eduction and ammonia oxidation, respectively.
Considering the fact that different percentages of initia

ctants, i.e. NaNO3 or NH3, were converted to intermedia
ccording to Eqs.(1), (2), (3a), (3b) in alkaline solutions,
eighting parameter (equal toCi

C0−Ci ) was introduced in Eq
8b)and(12b)to calculate the contribution to the total va
f a parameter from each reaction.
eak, i.e. decrease in the peak current density and a
ive shift of the peak potential from−0.41 to−0.69 V, was
ccompanied by an increase in the reduction current d
itrate reduction (Fig. 1). These shifts imply a change of t
lectrode surface due to nitrate reduction[42], possibly, the

ntermediates and/or products of nitrate ions at the PdRh1.5/Ti

ig. 2. Cyclic voltammetric curves on the PdRh1.5 mini-mesh electrode i
he alkaline solution with and without nitrate ions. Cell: H-cell divided b
afion® 117 membrane. Cathode: PdRh1.5 (0.75 mg Pd + 1.09 mg Rh cm−2,
.3 cm2). Anode: Pt mesh (20 cm2). Catholyte: the simulated solution w
�) or without (©) 0.1 M NaNO3 (100 cm3). Anolyte: 1.0 M NaHCO3 solu-
ion (100 cm3). Scan rate: 5 mV s−1. Temperature: 17.5± 1.0◦C. The arrow
ndicate scan directions.
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mini-mesh electrode caused inhibition of the oxidation reac-
tion, compared to the blank solution, which has been pre-
viously reported[13]. Overall, the results of voltammetric
measurements demonstrated strong involvement of hydrogen
species, which were reduced simultaneously in the potential
region of nitrate reduction and that the generated hydrogen
adatoms on the electrode surface took part in nitrate reduc-
tion [43]. The presence of adsorbed nitrate ions and hydrogen
species at the cathode surface during the nitrate reduction has
been confirmed[21,74,75]. The hydrogen adatoms competed
with nitrogen species for the active sites and thus hindered ni-
trate reduction or, successively, the released hydrogen atoms
hydrogenated the intermediates formed[2,5–7]. The effect
became important in the potential region of intense hydrogen
evolution.

The effectiveness of the PdRh1.5/Ti mini-mesh electrode
for nitrate reduction can be attributed to the intrinsic activity
of the Rh and Pd for nitrate reduction and, more importantly,
to the synergetic effects, which resulted from the local elec-
tronic modification or the co-operative electronic effects as
well as active sites distribution induced by mixing differ-
ent catalysts[76–78]. The metal–metal combination mod-
ified the electronic environment and changed the structure
parameters, such as bonding distance and bonding energy,
reaction mechanism, etc., compared to single catalysts. Such
an effect has been demonstrated for nitrate reduction and the
b tivity
t ates
a

Pt/Ti
m ith
( t

F ode in
1 esh
(
N :
1 tio-
s

increased after the rest potential, i.e. 1.19 V versus SCE, as
compared to that observed in the blank solution, suggesting
that ammonia was oxidised on the Pt/Ti mini-mesh elec-
trode. The data were in agreement with those reported using
platinised Pt electrode under similar conditions[60,79]. The
activity of the Pt anode for the ammonia oxidation resulted
from its intrinsic property and the interaction between the
polarised electrode and ammonia. It was believed that the an-
odic polarisation of the Pt electrode surface during ammonia
oxidation led to an excess positive charge and thus lowered
the Fermi level of the Pt metal and resulted in a decrease of
the electron density in the ammonia orbitals. Consequently,
the Pt N bonds were strengthened and the NH bonds were
weakened, making them more prone to dissociation[63].
Such an electronic effect prevented formation of poisoning
species, e.g. Nads, and stabilised active species, e.g. NHads.
The former could block the electrode surface and the later
could combine to N2Hx (x= 2–4) adspecies and then to form
N2, as aforementioned[57,62–66].

The above results demonstrated the effectiveness of the
PdRh1.5 cathode for nitrate reduction and the Pt anode for
ammonia oxidation. However, information on selectivity
and efficiency were unavailable from the voltammetric
measurements, although they are important criteria because
nitrite ions and ammonia are more toxic than nitrate ions
and their formation should be avoided. To verify the results
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nd preventing formation of ammonium[18,19].

Steady-state polarisation curves obtained on a
ini-mesh working electrode in the 1 M NaOH solution w

0.1 M) or without ammonia are shown inFig. 3. The curren

ig. 3. Steady-state polarisation curves on the Pt/Ti mini-mesh electr
M NaOH solution with and without ammonia. Anode: Pt/Ti mini-m

2.03 mg Pt cm−2, 1.2 cm2); Cathode: Pt mesh (20 cm2). Anolyte: 1.0 M
aOH solution with (�) or without (©) 0.1 M NH3 (100 cm3). Catholyte
.0 M NaOH solution (100 cm3). The data were collected using poten
tatic measurements and other conditions as inFig. 2.
btained using voltammetric measurements and to dete
electivity and efficiency of the ZGSPE reactor for nit
eduction and ammonia oxidation, batch electrolyses
arried out. The concentrations of nitrate, nitrite, amm
nd other possible side products were monitored u
PLC and ion sensor. Yields of these components
alculated according to Eqs.(1), (2), (3a), (3b), (5a)and(5b).

.2. Bulk electrolysis—feasibility

Feasibility of simultaneous reduction of nitrate and
ation of ammonia was demonstrated in the zero gap
olymer electrolyte reactor using Ti mini-mesh electro
ith PdRh1.5 or Pt catalysts. Typical data are presente
ig. 4where the simulated solution was used as the cath
nd a solution produced in the previous reduction of nit

.e. 9.42 mM NH4
+ in the simulated solution without NO3−,

as used as the anolyte. Conversions of nitrate (for
itrate reduction) and ammonia (for the ammonia oxida
teadily increased and finally, after 50 h electrolysis, rea
00% with concomitant formation of nitrogen and ammo
r nitrate (Fig. 4; Tables 1 and 2). The concentration o
itrogen approached high values within 20 or 10 h for
itrate reduction and the ammonia oxidation, respecti
fter which the nitrogen concentrations seemed to
ff. The initial increase in concentrations of nitrogen
mmonia or nitrate can be explained based on the rela
igh reaction rates of Eqs.(2) and(3a) (nitrate to nitrogen
nd to ammonia) or(6) and(3b) (ammonia to nitrogen an
itrate). The levelling off in nitrogen concentration w
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Fig. 4. Removal of nitrate and ammonia simultaneously during the paired
electrolysis in a zero gap solid polymer electrolyte reactor. (�) Nitrate during
the nitrate reduction; (�) nitrogen during nitrate reduction; (�) ammonia dur-
ing ammonia oxidation; (�) nitrogen during the ammonia oxidation. Reactor:
zero gap solid polymer electrolyte reactor divided by a Nafion® 117 mem-
brane. 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: the
simulated solution (170 cm3). Anolyte: 9.42 mM NH4

+ in the simulated so-
lution without nitrate ions (170 cm). Flow rate of electrolytes: 50 ml min−1.
Temperature: 21.5± 1.0◦C.

attributed to the decrease in concentration of reactants, i.e.
nitrate or ammonia, and the consequent gradual decrease
in nitrogen production rates. No nitrite ions were detected
during the paired electrolysis. Other possible intermediates,
e.g. NH2OH, were also not detected, possibly, because their
reduction in alkaline solutions was faster than in acidic
solutions [80,81]. Thus, only overall reactions providing
stable products were considered here. Investigation of other
possible intermediate steps was not carried out in this work.

Fig. 5. Effect of controlled current density on current efficiency for ni-
trogen formation during the electrochemical reduction of nitrate in a zero
gap solid polymer electrolyte reactor. Current density: (�) 1 mA cm−2; (�)
5 mA cm−2; (�) 10 mA cm−2; (�) 20 mA cm−2. Anolyte: 1.0 M NaHCO3
solution (170 cm3). Other conditions as inFig. 4.

3.3. Bulk electrolysis—influence of current density

A significant effect of applied current density on current
efficiency for both nitrate reduction and ammonia oxidation
was observed.Figs. 5 and 6show the correlation between the
current density and the current efficiency for nitrogen forma-
tion in the ZGSPE reactor during the paired electrolysis. For
nitrate reduction, a current density of 1 mA cm−2 gave the
highest current efficiency, with respect to nitrate reduction
to nitrogen, which was between 52.4 and 95.0% (Fig. 5). It
follows fromFig. 5that the current efficiency decreased with
increasing current density. A current density of 5 mA cm−2,
led to lower current efficiencies, i.e. 10.8–22.5%. At higher

Table 1
Effect of current density on capacity and rate during the paired electrolysis in a zero gap solid polymer electrolyte reactora

Current density (mA cm−2) Catholyte Anolyte

χ (%) γ (kg m−3 h−1) β (mol cm−2 h−1) χ (%) γ (kg m−3 h−1) β (mol cm−2 h−1)

1 57.7 3.2 0.033 48.6 0.016 0.13
5 73.9 4.0 0.042 55.7 0.030 0.15

10 94.9 5.2 0.054 63.4 0.036 0.17
20 100 5.4 0.057 100 0.056 0.27

a The conditions as inFigs. 5 and 6.

Table 2
Effect of current density on selectivity during the paired electrolysis in a zero gap solid polymer electrolyte reactora

Current density (mA cm−2) Catholyte

ξN2 (%) ξNO2 (%)

1 98.9 0

1
2

5 97.6 0
0 97.1 0
0 92.5 0
a The conditions as inFigs. 5 and 6.
Anolyte

ξNH3 (%) ξNO2 (%) ξNO3 (%) ξN2 (%)

1.1 0 14.1 85.9
2.4 0 42.0 58.0
2.9 0 51.9 48.1
7.5 0 65.6 34.4
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Fig. 6. Effect of controlled current density on current efficiency for nitrogen
formation during the paired electrolysis in a zero gap solid polymer elec-
trolyte reactor—ammonia oxidation. Current density: (�) 1 mA cm−2; (�)
5 mA cm−2; (�) 10 mA cm−2; (�) 20 mA cm−2. Catholyte: 1.0 M NaHCO3
solution (170 cm3). Other conditions as inFig. 4.

current densities, the current efficiency decreased further, e.g.
7.0–9.2% at 10 mA cm−2 and 3.5–4.3% at 20 mA cm−2. The
decrease was probably due to higher hydrogen gas generation
in the structure of the electrode restricting the access of liq-
uid and thus limiting mass transport of nitrate to the surface
of the catalyst. The data suggest that the partial current for
N2 formation at all applied current densities was between 1
and 0.5 mA cm−2. A current density of 5 mA cm−2 was used
in further study of the nitrate reduction. This was because
it still exhibited a relatively high current efficiency, together
with the highest partial current density for nitrate reduction to
nitrogen, i.e.ϕ× j≈ constant≈ 0.7, which was higher than
that at 1 mA cm−2, i.e. 0.5.

Similar trend was observed for the oxidation of ammonia
on the Pt electrode, i.e. the highest current efficiencies (be-
tween 0.7 and 1.8%) were observed at a current density of
1 mA cm−2, which were 40 times higher than those observed
at 20 mA cm−2 (Fig. 6).

More data with respect to the effect of current density on
the nitrate reduction and the ammonia oxidation are shown
in Tables 1 and 2. Generally, increasing current density led
to increases in percentage of nitrate or ammonia removal,
space–time yield and average reaction rate. However, the ef-
fect was more significant from 1 to 5 mA cm−2 and only small
change could be observed at higher current densities. For ni-
trate reduction, the other products changed with applied cur-
r .5%
w
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c n of
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t lyte

became more acidic during electrolysis. The maximum pH
after 24 h electrolysis was observed at 10 mA cm−2, i.e.
11.59. The decrease in pH at 20 mA cm−2 was caused by
more protons crossing the Nafion membrane. More alkaline
media were beneficial to decrease nitrite and ammonia
formation and to suppress hydrogen evolution during nitrate
reduction[6,54]. This is one of reasons for higher current ef-
ficiencies with respect to nitrogen formation at lower current
densities.

During electrolysis, hydrogen evolution took place in the
potential region of nitrate reduction. So nitrate was reduced
on the electrode while the generated hydrogen adatoms
on the electrode surface took part in nitrate reduction. The
hydrogen adatoms competed with nitrogen species for the ac-
tive sites and thus hindered nitrate reduction or, successively,
the released hydrogen atoms hydrogenated the intermediates
formed as well as the absorbed hydrogen atom reacted
with nitrate [2,5–7,21,43]. These processes determined the
activity, selectivity and efficiency of the process and are
important in the potential region of intensive hydrogen
evolution.

The applied current density had a great effect on the
product distribution during ammonia oxidation (Table 2).
A decrease in the yield of nitrogen and an increase in the
yield of nitrate of more than 50% were observed when the
applied current density was increased from 1 to 20 mA cm−2.
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olution pH with current density. The pH of the treated s
ions gradually increased (more alkaline) while the ano
o nitrite and hydroxylamine were detected during
xidation, suggesting that these species, if any, were oxi

urther. Similar observations were reported elsewhere[79].
It was believed that, at relatively low potentials (c

esponding to relatively low current densities), the Pt
evoid of adsorbed oxygen, which benefited formatio

he hydrogenated adsorbates like NHadsand NH2,adsand led
o formation of nitrogen gas. At higher potentials, adso
xygen species were present at the Pt electrode surface,
romoted formation of fully dehydrogenated adsorbate,
tomic nitrogen Nads, which increased with time, blocke

he electrode surface and thus decreased the availabl
or NH3 to adsorb and dehydrogenate to active intermed
uch as NHadsand NH2,ads[62,63,79]. Consequently, lowe
ctivity and lower current efficiency were observed at hig
urrent densities. The enhanced oxygen evolution at
urrent densities was also responsible for the decre
ctivity and selectivity with increasing current density.

.4. Bulk electrolysis—influence of nitrate
oncentration, temperature and flow rate

Fig. 7 shows the results of nitrate reduction in
GSPE reactor using a PdRh1.5/Ti mini-mesh cathode a
current density of 5 mA cm−2 in the simulated solutio
ith different concentrations of nitrate. The data show

he rate of nitrate removal depends on nitrate concentra
hen the concentration of NaNO3 was smaller than 1 mM

he rate of nitrate removal was low, i.e. between 0.00027
.0037 mol cm−2 h−1. With the increase of concentrati
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Fig. 7. Effect of nitrate concentration and temperature on rate of nitrate
removal during the paired electrolysis in a zero gap solid polymer electrolyte
reactor. Temperature and concentration of nitrate (the catholytes were in the
simulated solution, 170 cm3): (�) 22± 1.2◦C, 16.1 mM; (�) 22.5± 1.5◦C,
100 mM; (©) 22± 1.2◦C, 16.1 mM, 100 cm3 min−1; (�) 40◦C, 16.1 mM;
(�) 60◦C, 16.1 mM; (�) 80◦C, 16.1 mM. Other conditions as inFig. 4.

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 solutions,
respectively. A high concentration increased the mass
transfer of nitrate to the electrode and thus increased the rate
of nitrate removal.

Another striking feature for nitrate reduction, as shown
in Table 3, is that nitrate concentration had a significant
effect on space–time yield, i.e. at 24 h, 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 solu-
tions, respectively. These changes were caused mainly by
change in the rate of nitrate removal.

Nitrate concentration also had a great effect on 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 solu-
tions, respectively (Table 3). Current efficiency was related to

Table 3
Effect of concentration of nitrate and temperature on the paired
electrolysis—nitrate reductiona

Concentration (mM)

0.1 1.0 16.1 16.1 (80◦C) 100

χ (%) 100 100 91.7 100 35.7
γ (kg m−3 h−1) 0.03 0.3 4.7 5.2 9.8
β (mol cm−2 h−1) 0.00027 0.0035 0.052 0.057 0.105
ξNO2 (%) 0 0 0 0 0
ξNH3 (%) 5.6 6.3 6.8 16.0 7.5
ξ

φ

ψ 1
E

e ided.
O

nitrate reduction, other reactions (e.g. N2 to NH3) and hydro-
gen evolution, etc. In dilute nitrate solution, the electrolysis
was dominated by molecular hydrogen evolution than by the
reduction of nitrate. Also, mass transfer of the reactants to the
cathode surface was expected to play an important role in the
behaviour of the reactor in such a solution, and consequently,
much lower current efficiencies were observed in dilute so-
lutions, compared to the concentrated solutions[43]. Current
efficiency also decreased with the electrolysis time in each
solution, since nitrate concentration decreased with time, the
hydrogen evolution gradually increased to a greater extent
and the current efficiency for nitrate reduction decreased. In-
crease in nitrate concentration significantly reduced energy
consumption, e.g. after 24 h electrolysis, 4637.4, 927.0, 34.5
and 37.1 kWh kg−1 in 0.1, 1.0, 16.1 and 100 mM nitrate so-
lutions, respectively (Table 2). The much higher energy con-
sumptions in the dilute solutions were a direct consequence of
the much lower current efficiencies in these solutions; also,
in the dilute nitrate solution, the hydrogen evolution reac-
tion affected the electrode potential and, thus, increased cell
voltage to a greater extent than the nitrate reduction[43].
In our case, an increase in nitrate concentration from 0.1 to
100 mM led to a decrease of 0.5 V in cell voltage (Table 3).
The selectivity of nitrate reduction was approximately con-
stant over the investigated range of nitrate concentration
(Table 3).
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a Data were collected at 24 h and ambient temperature (21.5± 1.0◦C)
xcept for 16.1 mM where the data for two temperatures were prov
ther conditions as inFig. 7.
b Data for nitrogen formation.
The influence of the reaction temperature on nitrate
uction in the ZGSPE reactor was investigated between
ient and 80◦C and typical results are shown inFig. 7 and
able 3. Increasing temperature favoured ammonia for
ion and reduced nitrogen formation. One of the reasons
ue to different pH change of the catholyte at different t
erature during the electrolysis, e.g. at 24 h, the catholyt
hanged from 7.65 to 9.61 and 10.34 at ambient tem
ure and 80◦C, respectively. The pH change was a nat
esult of the related reactions (Eqs.(1), (2), (3a), (3b)). In
asic nitrate solutions, increasing pH could suppress h
en evolution and increase ammonia formation[74]. Conse
uently, current efficiency for nitrogen formation decrea
lightly when the temperature was increased from am
emperature to 80◦C (Table 3).

The percentage of nitrate removal, space–time yield
ate of nitrate removal increased with increasing tempera
lthough the effect was relatively small, compared with th
itrate concentration. For example, the rate of nitrate rem
t 80◦C was initially three times higher than that at amb

emperature (Fig. 7) and only increased 0.005 mol cm−2 h−1

fter 24 h, because the nitrate concentration was much h
nitially than at 24 h. As the temperature increased, the en
onsumption decreased, e.g. at 24 h, 34.5 and 21.0 kWh−1

t ambient and 80◦C, respectively. This was mainly due
he decrease in the cell voltage, i.e. 2.1 and 1.1 V at am
nd 80◦C, respectively (Table 3).

A relatively small effect of increasing the flow rate from
o 100 cm3 min−1 on the rate of nitrate removal was observ
.e. only changed about 0.003 mol m−2 h−1 (Fig. 7). This can
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Fig. 8. Effect of temperature and ammonia concentration on rate of ammonia
removal during the paired electrolysis in a zero gap solid polymer electrolyte
reactor. Temperature and concentration of ammonia (the anolytes were in the
simulated solution, 170 cm3): (�) 22± 1.2◦C, 0.38 mM; (�) 22± 1.2◦C,
0.06 mM; (©) 20± 1.0◦C, 0.38 mM, 100 cm3 min−1; (�) 40◦C, 0.38 mM;
(�) 60◦C, 0.38 mM; (�) 80◦C, 0.38 mM. Other conditions as inFig. 4.

be attributed to similar conditions in mass transfer and contact
time between the catalysts and the reactant at the two flow
rates ([6] and the refs. cited in).

Fig. 8andTable 4show the effect of ammonia concentra-
tion, temperature and flow rate on ammonia oxidation in the
ZGSPE reactor using a Pt/Ti mini-mesh anode at a current
density of 5 mA cm−2 in the simulated solution. In the dilute
solutions, e.g. between 0.062 and 0.38 mM, the rate of am-
monia removal and the space–time yield were doubled when
the concentration was doubled. A significant change occurred
when the concentration was increased from 0.38 to 9.42 mM,
e.g. at 24 h, values were 0.0011–0.128 mol cm−2 h−1 and
0.013–9.8 kg m−3 h−1. As a result of increased reactant con-
centration and thus mass transfer. Current efficiency for the

Table 4
Effect of concentration of ammonia and temperature on the paired
electrolysis—ammonia oxidationa

Concentration (mM)

0.062 0.17 0.38 0.38 (80◦C) 9.42

χ (%) 100 100 82.4 100 35.7
γ (kg m−3 h−1) 0.002 0.006 0.013 0.015 9.8
β (mol cm−2 h−1) 0.0004 0.0006 0.0011 0.0014 0.128
ξNO2 (%) 0 0 0 0 0
ξNH3 (%) 34.8 42.2 47.0 62.0 45.2
ξN (%) 65.2 57.8 53.0 38.0 54.8
φ

ψ .2
E
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O

nitrogen formation increased from 0.02 to 0.09% when the
concentration increased from 0.38 to 9.42 mM (Table 4). Cur-
rent efficiency also decreased with electrolysis time for each
solution, since ammonia concentration decreased with time,
the hydrogen evolution gradually increased and current effi-
ciency for nitrogen formation decreased. Another reason for
this time dependence was an increased coverage of adsorbed
nitrogen adatoms on the electrode, which slowly increased
with time and decreased the available area for NH3 adsorption
and dehydrogenation of the adsorbed ammonia to the active
intermediates[63]. Improvement in selectivity and inhibition
of hydrogen evolution are necessary to increase current effi-
ciency. As a consequence of very low current efficiencies, the
energy consumed for the ammonia oxidation was extremely
high up to 5070 kWh kg−1 (Table 4), although we can essen-
tially ignore these high values because of the nature of the
paired electrolysis.

There were small changes in the cell voltage with changing
concentrations of nitrate and ammonia (Tables 3 and 4), sug-
gesting that a relatively small concentration polarisation due
to the high ion concentrations of the simulated solution. The
cell voltage decreased significantly with increasing tempera-
ture, e.g. from 2.1 to 1.1 V for an increase in the temperature
from ambient to 80◦C, which were direct results of enhanced
reaction kinetics on the anode and cathode and increase in the
electrolyte conductivities.

c oval
a 3 to
0
( ac-
t itro-
g o low
t

1 re-
m the
c ation
r

3

PE
r re-
s tion
o the
a the
t d-
i nia.

of
n es-
p ting
c tially
s , e.g.
s lems
t

2

(%)b 0.02 0.05 0.078 0.08 0.09
(kWh kg−1) 5070.4 1965.0 261.0 403.8 590

cell (V) 2.2 2.1 2.1 1.1 2.0
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Increasing temperature from ambient to 80◦C in-
reased the percentage and rate of ammonia rem
nd the space–time yield from 82.4 to 100%, 0.01
.015 kg m−3 h−1 and 0.0011 to 0.0014 mol cm−2 h−1 at 24 h
Fig. 8andTable 4), respectively, due to the enhanced re
ion kinetics. More nitrate ions were produced and less n
en was evolved at elevated temperature, compared t

emperature during ammonia oxidation (Table 4).
Increasing the flow rate above 50 cm3 min−1, e.g. to

00 cm3 min−1, led to a decrease in the rate of ammonia
oval (Fig. 8), suggesting that the contact time between

atalysts and the reactant had greater impact on the oxid
ate than mass transfer.

.5. Bulk electrolysis—influence of electrolysis media

Table 5compares the paired electrolysis in the ZGS
eactor with alkaline solution or with pure water. Similar
ults were obtained in the two media, although the oxida
f ammonia in pure water seemed slightly better than in
lkaline solution. The implication of such data is that

echnology will potentially attract wide applications inclu
ng wastewaters with very low levels of nitrate and ammo

The main problems with electrolysis were production
itrate and nitrite ions during the oxidation of ammonia,
ecially for long-term operation. A change in the opera
onditions, e.g. decreasing current density, could par
uppress this trend, although more efficient approaches
elective anode materials, are required to tackle the prob
horoughly.
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Table 5
Effect of medium on the paired electrolysis in a ZGSPE reactora

Medium NaHCO3

(NO3
−)

H2O
(NO3

−)b
NaHCO3

(NH3)
H2O
(NH3)b

χ (%) 56.8 54.6 99.2 99.4
γ (kg m−3 h−1) 8.3 8.4 0.14 0.15
β (mol cm−2 h−1) 0.11 0.10 0.022 0.019
ξNO2 (%) 0 0 16.7 11.1
ξNH3 (%) 12.7 10.4
ξNO3 (%) 23.8 22.4
ξN2 (%) 87.3 89.6 59.5 65.5
φ (%)c 24.6 24.3 3.0 3.8
ψ (kWh kg−1) 43.2 46.1 65.6 55.6
Ecell (V) 2.9 2.8 2.9 2.6

a All parameters were collected at 45 h. The conditions as inFig. 4.
b Pure water solution with the same concentrations of nitrate and ammo-

nium as inFig. 4.
c Data for nitrogen formation.

3.6. Comparison between single and paired electrolysis

The most important advantage of the paired electrolysis is
the full use of both cathode and anode for the useful electro-
chemical conversion rather than only allowed a side reaction
in one side. The paired electrolysis sorted out problems
caused by the unavoidable production of ammonia during
treatment of nitrate. So the waste stream could be put into a
closed loop to realise the total elimination of nitrate as well as
ammonia, if any. Selectivity for the both cathode and anode
should be improved in order to increase competitiveness of
the technology, compared with the current routine methods.

Our data are similar or better than some reported re-
sults, e.g. reduction of the nitrate concentration from 600 to
50 mg dm−3 with a current efficiency of 22% and ammonia
as a main product, during the nitrate reduction in NaHCO3
solutions at a copper plate cathode in an undivided flow-
through reactor[17]. Compared to our data, higher current
efficiency, e.g. 40%, and very low energy consumption, e.g.
0.05 kWh kg−1, have been reported for the ammonia oxida-
tion [2,10,44]. These data indicate new research directions,
e.g. use of three-dimensional materials in ZGSPE reactors to
enhance mass transfer and increase process efficiency.

4. Conclusions
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major benefit for the paired electrolysis is the energy savings
resulting from the simultaneous use of cathode and anode
reactions.

The rates of nitrate and ammonia removal, the space–time
yield and the current efficiency increased significantly and
the energy consumption decreased significantly with increas-
ing nitrate concentration. Percentages of nitrate and ammo-
nia removal, space–time yield and rate of nitrate removal
increased with increasing temperature. Increasing tempera-
ture favoured the side reactions, e.g. formation of ammonia
in nitrate reduction and production of nitrate and nitrite in
ammonia oxidation.

The paired electrolysis in the ZGSPE reactor could be
carried out in pure water without additional supporting elec-
trolytes, which demonstrated the technology is applicable to
a wide range of wastewater including those with very low
levels of nitrate and ammonia.

Further work is necessary to find and optimise selective
materials for reduction of nitrate and oxidation of ammonia
toward to nitrogen, in order to achieve higher competitive-
ness. Use of an anion exchange membrane is another aspect
to fully explore the advantages of the ZGSPE reactor for the
paired electrolysis.
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