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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 N@m~2h~! and 0.017 mol Njcm~2 h—2. Space—time yields of 5.4 kg N3 h~1
and 0.17 kg Ngm~3h=2, 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 NQ~! were obtained during nitrate reduction, no nitrite was formed and/aé the main product
under the best conditions. However, an improvement in the selectivity for the ammonia oxidation towards nitrogen is required. Effects of
reactant concentrations, temperature and flow rate have been investigated. Use of the ZGSPE reactor could treat a wide range of waste:
containing 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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1. Introduction reduction reaction and to develop technologies for removal
of nitrate from drinking water and wastewa{2r10].

Intensive use of fertilisers in agriculture and nitrate salts in Early treatment of nitrate wastes used calcination, which
some industrial sectors, e.g. the nuclear industry, causes seis unattractive now because it requires high temperatures and
vere nitrate pollution in many sources of water and industrial pressures, it forms sodium nitrate melts and releases toxic
sites[1,2]. Performance assessment of low-level wastes indi- off-gases, e.g. NQ[11,12] Among current technologies
cates that nitrate and nitrite are among the major contributorsused to remove nitrate from agueous solutions, ion exchange
to potential environmental release and personnel exposureand reverse osmosis only separate rather than destroy
[3]. Ammonia is a common and highly toxic component nitrate, produce secondary brine wastes and require frequent
in gaseous and aqueous waste streams, and its destructioregeneration of the media, which introduced new pollution
has therefore become a prominent topic in environmental [10,13—-15] Biological treatment of nitrate at millimolar
catalysis[4]. Since nitrite can convert to carcinogenic ni- levels was considered as a more economic process than ion
trosoamines in food products and within the human digestive exchange, electrodialysis and chemical reduction, which
systen{5] and ammonia can damage internal organ systemscan remove nitrates down to 2—10 mg lof total nitrogen.

of human beings and higher animals at 1 ppm I§&&], the However, biological denitrification is slow and incomplete,
allowable concentrations of these species are very low, e.g.it requires intensive maintenance and constant supply of
50mg NG~ dm=3 (15mgNQ~— dm=2 for infants) [1,8], organic substrates and chlorine, and it causes problems of
0.5mgNQ~dm~2[1,9]and 0.5 mg NHdm3[6,7]. Inten- disposal of biomass sludge and contamination of denitrified

sive investigation has contributed to understand the nitratewater by bacteria and/or produced toxic nitrous oxide or
nitric oxide [11,12,14-17] Chemical reduction of nitrate
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of large amounts of sludge and ammonia, concerns of theinterfacial surface area and enhanced mass trafisdgrA
process stability and safety and high costs prevented its widenew technique combining electroreduction and electrocoag-
application[12,20,21] ulation was used to remove nitrate from water, which led to
Electrochemical reduction has been proposed as an altera decrease of nitrate concentration from 100 to 30 mgdjm

native technology for removal of nitrates, nitrites and ammo- with a very low energy consumption of 0.05 kWhg[44].

nia through the following reactions, for example, in alkaline Reduction of both nitrate and nitrite in acidic media occurs
medial2,10,13,22-3Q] at more positive potentials than in alkaline meldia,45-48]

and nitrate reduction occurs on Cu, Cd and Zn, but not on Ni

Nitrate reduction and Pb in acid solutiorjg9]. Product distribution was highly

NO3~ +Hy0 + 26" = NO,~ +20H" (1) dependent on the pH of the solution, e.g. ammonia was pro-
duced favourably at low pH50,51] and on potential, i.e.
NO3™ +3H,0 +5e = 3Nz +60H" (2) ammonia formed under most potentials but a reduction to
_ _ _ nitrogen only occurred at certain potentif?]. Both am-
NOs ™ +6H20 + 8e" = NHs +90OH (33)  1onia and hydroxylamine were reported as major products
NO,™ + 2H,0 + 3¢ = LN, + 40H" (4) in strong acid (>5M H) [53].
Reduction of nitrate in alkaline media has attracted a lot
NO2™ +5H20 + 6" = NH3+ 70H" (5a) of fundamental and applied research in several industrial sec-

tors[2]. For example, in concentrated NaOH solutions, the

Ammonia oxidation . . .
nitrate concentration decreased from 600 to 50 mgwith

NH3 + 30H™ = iNj + 3H,0 + 3e~ (6) a current efficiency of 22% using a flow-through reactor with

B B 3 a Cu electrod¢l7]. A reduction of the nitrate concentration
NH3+90H™ = NO3™ 6H20 + 8e (3b) from 1000 to 18 mgdm?3 was achieved in weakly alkaline
NHs +70H = NO,~ 5H,0 + 66" (5b) solution, i.e. a NaHC®@solution[10].

At the moment, the industrial use of electrochemical ni-

Compared to other methods, e.g. ion exchange, electro-trate removal is challenged in several ways, e.g. low selec-
chemical reduction was relatively simple because it used tivity to nitrogen, formation of nitrite intermediate and re-
less operation steps. The disposal volume of waste in anlease of ammonifl2,13] unsuitable electrodd21,25,54]
electrochemical process could be decreased significantly,deposition of metal impurities on the cathode and changing
by up to 75%; due to recycle of the hydroxide produced cathode propertids5], release of off-gases, requirements of
[2,3,10,13,22-25] significant quantities of make-up water and disposal of NaOH

Significant research has gone into the search for active,by-product13].
selective and efficient cathode materials for nitrate reduction = The electrochemical oxidation of ammonia in agueous al-
[11]. Transition metals, i.e. Pt, Pd, Rh, Ru and Ir, and coinage kaline solutions at high surface area platinum electrodes has
metals, i.e. Cu, Ag and Au, have been researched, particularlybeen the subject of several studies because of drawbacks of
in acidic medid13,31-33] More recent attention has moved other technologies, e.g. high cost with low effectiveness in
to binary and ternary catalysts, e.g. Pd—Ge, Pt—Pd, Pd—Cubacterial degradatiofp6]. The oxidation mechanism was a
and Pt-Pd—-G434-36] In addition to high activity, high ~ major topic of early wor{57—60] The research attracted
selectivity could be achieved through the use of bimetallic industrial interest, especially for removal of ammonia from
electrodes. For instance, during the reduction of nitrate with wastewate61]. A typical example is oxidising ammonia
Pd/Cu electrodes, the main product was nitrogen at low Cuin an undivided flow cell with platinised graphite, Ti or Ta
coverage and the amount ob® increased as the Cu cov- anode and stainless steel cathode during secondary sewage
erage increas€l@6]. Very recently, a patent was applied for treatment. The Nklwas oxidised to nitrogen with 25-57%
the electrolytic removal of nitrate containing water using an of removal and current efficiencies between 13.5 and 28.2%
Rh coated cathode in which the nitrate ions were convertedfor treatment of a typical sewage effluent, i.e. 30 mgdm
to nitrogen ga$37]. New materials, e.g. B-doped diamond ammonia at pH 8. The main barrier for scale-up was high
[38,39], Dawson-type heteropolyanionsp\W12MosCu or capital investmenit1].
P>W15MosNi [40,41] phthalocyanine complexes of Mn, Fe, Platinum was considered as the best anode material for
Co, Ni, Cu and Zrj42] and hydrogen storage alloys, e.g. M ammonia oxidation because it was able to prevent formation
(NiAIMnCo)s (M =La, Ce and PrJ43], have been used in  of poisoning species, e.gall and to stabilise active species,
the electrochemical reduction of nitrate with ammonia as the e.g. NHygs The former could block the electrode surface and
main product. However, the suitability of these materials for a the latter could combine tof¥y (x=2—4) adspecies and then
technical process has not yet been tested. Use of engineeringo form N,. Lower activity and selectivity was observed on
materials such as packed particle bed electrodes (Cu, Ni, Feruthenium, rhodium, palladium and iridium electrodes. Gold,
or Pb) has led to a significant decrease in the concentrationsilver and copper only showed low activiy7,62—66]
of the nitrate, e.g. from 1000 to 50 mg dfwith a current One of the major problems in the electrochemical
efficiency of 40%, in low-level nuclear waste due to high reduction of nitrate is production of ammonia, which caused
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environmental concern and was unallowable in some indus-were obtained by depositing the first component followed
trial sectors, e.g. drinking water indus{42,54] Therefore, by depositing the second constitute and repeating the pro-
it was our aim to establish a technical process based on pairededure. The deposited mesh was annealed at the deposition
electrolysis, i.e. perform nitrate reduction and ammonia oxi- temperature (500C) for 3 h then allowed it cool naturally
dation simultaneously, in a zero gap solid polymer electrolyte to ambient temperature. The catalyst loading was obtained
(ZGSPE) reactor to remove both nitrate and ammonia. The by weight difference of the mesh before and after deposition
reactor was evaluated in terms of percentages and rates ossuming those most stable oxides were formed during the
nitrate and ammonia removal, selectivity, current efficiency depaosition, i.e. PdO and R®3 [26]. Finally, the deposited
and energy consumption. To our best knowledge, thisis a firstmesh was post-treated by electrolysis in an undivided cell
report using a zero gap solid polymer electrolyte reactor for using the deposited mesh as cathode and a Pt mesh as an-
simultaneous reduction of nitrate and oxidation of ammonia. ode in 0.25 M HBSO, aqueous solution at a constant current
density of 2 mA cn? for 30—60 min. At the start, the elec-
trolyte became dark in colour, possibly due to dissolution of

2. Experimental the catalysts; the solution was clear again at the end of the
electrolysis, possibly, the dissolved catalysts were deposited
2.1. Materials and chemicals onto the mesh again. The prepared binary electrode was as-

signed as PdRls according to the atomic ratio of the two

The following materials and chemicals were used as metals.
received: Ti mini-mesh (Ti purity 99.6%, mesh size
1.5mm, open area 37%, wire diameter 0.2 mm, Goodfel-
low), PACb (99%, Aldrich), RhC} (98%, Aldrich), NaNQ
(99.99%, Aldrich), NaN@ (99.99%, Aldrich), NaHC®@
(99.7%, Aldrich), NH,CI (99.5%, Aldrich), NaOH (99.99%,
Aldrich), NaCl (99%, Aldrich), NaSOy (99%, Aldrich),
H2SOy (98%, AnalaR, BDH), NH (35% aqueous solution,
AnalaR, BDH) and phthalic acid (99.5%, Aldrich).

A model simulating spent solution after strongly ba- (@ 1
sic anion exchanger regeneration in the drinking water
treatment industry was used as catholyte in this study.
The solution consisted of 84.0gdh (1M) NaHCG;,
0.4gdnT3 (6.8mM) NaCl, 0.4gdm? (2.8 mM) NaSQy
and 1.0 gdm?3 (1000 ppm, 16.1 mM) N@ (in the form of
NaNGQ;) [10]. The nitrate concentration was changed in sev-
eral experiments. Anolytes used were the catholytes obtained
from the nitrate reduction or simulated those discharged from

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 conditiosg. 1). The reactor

I

ol

0%
o8

2

B

t
K

e
o
5
25

o
o5
L

HHHARHHH

s
tobefededietel

oS

i
5%
gt

%
(eialeietetelelelels

the sewage, which contained low concentrations of ammonia e B

: 5
[61]. Fresh electrolytes were used for each paired electroly- |:> S | <:|
sis (58

All solutions were prepared using deionised water ob-
tained from an ELGASTAT B124 Water Purification Unit ()
(The Elga Group, England).

2.2. Electrode

Pd-Rh titanium mini-mesh electrodes were thermally de-
posited. The mesh was made of woven titanium wires having
mesh apertures of 2mm and had a very open structure for jz==¥-
delivering reactants and products. It was first abraded with
emery paper and rinsed thoroughly with water and rinsed in
acetone. Following etching with boiling 37% HCI solution
for 5min, the mesh was put into an oven set at S0Gor Fig. 1. (a) Zero gap solid polymer electrolyte reactor—1: catholyte; 2: end
10 min. After cooling and weighing, the mesh was dipped in plate (stainless steel); 3: manifold plate (PTFE); 4: distributor (stainless steel
ethanol solutions containing the metal salts (0.2 M) and then Mesh): 5: cathode (PdRB/Ti mini-mesh); 6: Nafioff 117 membrane; 7:

. L. A anode (Pt/Ti mini-mesh); 8: seal O-ring (Tiron rubber); 9: anolyte. The cell
putinto t_he oven E_itthe dgposmon temperature (8DQin alr’_ dimension is 22 cnx 14 cmx 3cm. (b) Flow diagram—10: gas adsorbent
for 10 min. The dip-heating procedure was repeated until the reservoir; 11: catholyte reservoir; 12: zero gap solid polymer electrolyte
desired catalyst loading was achieved. The binary catalystsreactor; 13: pump; 14: anolyte reservoir.

11 12
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consisted of a membrane—electrode assembly (MEA), two
stainless steel back-plates (15 &m0 cmx 2 cm each), two
PTFE channelled plates (15 cml0cmx 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 cn? in active area) obtained by hot pressing the mesh an-
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periods up to 150 h. The electrolytes were flowed at a con-
stant rate, i.e. 15, 50 or 100 émin—. Samples were taken

at regular intervals and were analysed for concentrations of
NO3~, NO>~, NH3z and pH, etc. One molar4$0, solutions

(50 ml for each chamber) were used as absorbent for the re-
leased ammoni@3], if any. The final data included ammonia
detected in the absorption solution.

2.6. Product analysis

ode and the mesh cathode on either side of the pre-treated

Nafior® 117 membranes at 50 kg crhand 100°C for 3min
[68]. A Nafior® 117 membrane was used to retain the nitrate

High-performance liquid chromatography (HPLC) was
performed in a DIONEX HPLC system, which consisted

ions in the cathode chamber and thus to obtain reliable dataof a P 580 Pump and a Softron 2000 UVD 170S/340S

for the concentration change of nitrate ions. In the reactor,
the cation N4, 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 diyplaced in two heating mantles
(Electrothermd® Flask/Funnel, Cole-Parmer). After condi-
tioning the MEA at 60 C and atmospheric pressure with con-
tinuous feed of 0.5 M HSOy 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 BSO4 aqueous solutions before venting to

UV/Vis detector with a Whatman Partisil 5 ODS-3 column
(5pm particle size and 25cm0.46cm, 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 320nm 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 crAmin—1. The peaks for nitrate ions (retention
time, 3.15min) and nitrite ions (retention time, 3.90 min)
were characterised by using standard solutions. Quantifi-
cation of the product distribution during the electrolysis

the atmosphere. The reactor rig was operated in a closed loopwas accomplished by use of calibration curves with the au-

S0 no separation and recycling of a supporting electrolyte,
which exists in waste, was required.

2.4. Electrochemical measurements
The polarisation curves were measured in a three-

electrode, two-compartment cell divided by a Nafioh17
membrane using cyclic voltammetry and steady-state polar-

thentic samples (Aldrich). The calibrations for the standard
solutions (1.0« 107° to 0.2moldnT3) were carried out
three times for each compound and the data were averaged.
A sample volume of 2Ql was generally employed. The
detection limits of this method were 1ppm for nitrate
ions and 0.3ppm for nitrite ions under the experimental
conditions.

Ammonia was analysed with an Orion Model 95-12

isation measurements. A potentiostat set, which consisted ofAmmonia (NH) Gas Sensing Combination Electrode con-

a Ministat Potentiostat, a PCI-100 computer interface and an
EC Prog v3 Software (Sycopel Scientific Limited) was used

nected to an Orion digital lon/pH meter (Corning Model 135,
Corning Glass Works or Orion model 920A, Orion Research,

for all voltammetric and steady-state measurements. Thelnc.). Calibration curves were obtained using standard solu-

working electrodes were a PdR#ITi mini-mesh (0.75mg
Pd +1.09mg Rhcm?, 1.2 cn?) for nitrate reduction and a
Pt/Ti mini-mesh (2.03mgPtcn?, 1.2cnf) for ammonia
oxidation. A commercial saturated calomel electrode
(SCE, Russel) and a platinum mesh (2F¢mere used as

tions of 5x 10~° to 0.15 mol dnm3 NH4ClI, prepared using

the standard ammonium chloride solution (Orion 951006)
and the ionic strength adjustor solution (Orion 951211) at
the operational temperature. The calibrations were carried
out before and after each experiment. The sample for deter-

reference and counter electrodes, respectively. All potentialsmining ammonia was prepared by putting 1-S@amples
are quoted against the SCE reference electrode. All of theinto a 25cn3 standard flask and adding an ionic strength
solutions studied were thoroughly degassed using oxygenadjustor solution (Orion 951211) to the mark of the flask
free nitrogen (BOC Ltd.). The PdRR or the Pt working before the measurement was carried out. A 50 ml 1486,
electrodes were cycled three times between 0.4-ah@ V solution acted as absorbent for the produced ammdiig
or0.4and 1.6 V at a scan rate of 50 m*sefore collecting if any. The detected ammonia concentration of the collective
stable polarisation data. solution was included in the product distribution.

A reported method was used to obtain the amount of
nitrogenous gas formed, which was deduced from the total
nitrogen concentration in solution measured before and after

Batch electrolysis was performed in the ZGSPE reac- the electrolysi$6,21]. No evidence for other probable liquid
tor controlled at a constant current density (1, 5, 10 or products, such as hydroxylamine (MBH) and hydrazine
20 mAcnT2) using a FARNELL LS60-5 power supply for  (N2H4), was found in our electrolysed solutions using the

2.5. Batch electrolysis
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standard chemical analysis methd@8], which is similar
as reported previousfg0].

2.7. Parameter definitions

261

Most parameters were normalised to catalyst loading un-
less otherwise stated.

3. Results and discussion

Reactor performance was evaluated based on activity us-

ing normalised percentage of nitrate orammonia remayal (
space—time yieldy) and average rate of nitrate or ammonia
removal §); selectivity using yields of nitrogergy,), am-
monia(énH,), nitrite (Eno,) and nitratgéno,) and efficiency
using current efficiency¢ or ¢) and energy consumption
(i or yr). The parameters are defined[@8—73}

_ oG 100% @)
Co
3600x a x j x ¢; x M,
yi = ! e (8a)
n; X F
= (e <) (@)
_ (Co—C) xV
p= tx A ©)
= — S 100% (10)
T Co-G °
¢)i — M (lla)
q
o= o (11b)
o i X X Bl (12a)
éi X Mpw
b= (=5 <y, (12b)
R = CO — Ct i

whereCy and C; are concentrations of nitrate or ammonia
(moldm3) at the start and at the electrolysis titngh), re-
spectivelyC; the concentration of nitrogen, ammonia, nitrite
or nitrate (mol dnt3) att (h), « the specific area (), de-
fined as a ratio of the electrode area to the volume of the
batch of solution undergoing treatmejthe current density
(Am~2), n; is the number of electrons in the reaction forming
i (i=nitrogen, ammonia, nitrite, nitrate, etds) the Faraday
constant (96,485 C mot), Mrw the molar mass of nitrate
ions or ammonia (kg mott), V the volume of the batch of
solution undergoing treatment (djnA the geometric area of
cathode (), m the quantity of the formed speciegmol),
g the total electrical charge (C) aiig is the cell voltage.
¥i, andyr are energies consumed for formatiori afiitrate
reduction and ammonia oxidation, respectively.
Considering the fact that different percentages of initial re-
actants, i.e. NaN@or NHj3, were converted to intermediates
according to Eqs(1), (2), (3a), (3b) in alkaline solutions, a
weighting parameter (equal ge—) was introduced in Egs.
(8b)and(12b)to calculate the ‘contribution to the total value
of a parameter from each reaction.

3.1. Voltammetric characteristics

Fig. 2shows a cyclic voltammogram using normalised cur-
rent density obtained on a PAR4ATi mini-mesh electrode in
the simulating solution with or without 0.1 M NaN{10]
at ambient temperature. The figure shows a cathodic plateau
between—0.70 and—0.80V versus SCE in the blank so-
lution due to reduction of species in solution. The current
increased rapidly after0.80V, 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@#1V due
to oxidation of the unspecified electroactive species from the
hydrogen evolution. The addition of 0.1 M N@&d to an in-
crease in reduction currents below potentials 6f48 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 N§) the significant change of the oxidation
peak, i.e. decrease in the peak current density and a nega-
tive shift of the peak potential from0.41 to—0.69V, was
accompanied by an increase in the reduction current due to
nitrate reductionKig. 1). These shifts imply a change of the
electrode surface due to nitrate reductjdg], possibly, the
intermediates and/or products of nitrate ions at the R@RM

3.0 4

1.0

—
=
1

-3.0

Normalised current density/mA cm-2 mg-!

-5.0 T T T T T T T :
-0.8 -0.6 -04 -0.2 0 0.2 04
Electrode potential/V vs. SCE

Fig. 2. Cyclic voltammetric curves on the PdRymini-mesh electrode in
the alkaline solution with and without nitrate ions. Cell: H-cell divided by a
Nafior® 117 membrane. Cathode: PdR}{0.75 mg Pd + 1.09 mg Rh cmi,
1.3cn?). Anode: Pt mesh (20 ¢t Catholyte: the simulated solution with
(@) or without (O) 0.1 M NaNG; (100 cn?). Anolyte: 1.0 M NaHCQ solu-
tion (100 cnd). Scan rate: 5 mV'st. Temperature: 17.% 1.0°C. The arrows
indicate scan directions.
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mini-mesh electrode caused inhibition of the oxidation reac- increased after the rest potential, i.e. 1.19V versus SCE, as
tion, compared to the blank solution, which has been pre- compared to that observed in the blank solution, suggesting
viously reported13]. Overall, the results of voltammetric that ammonia was oxidised on the Pt/Ti mini-mesh elec-
measurements demonstrated strong involvement of hydrogertrode. The data were in agreement with those reported using
species, which were reduced simultaneously in the potentialplatinised Pt electrode under similar conditi¢é8,79] The
region of nitrate reduction and that the generated hydrogenactivity of the Pt anode for the ammonia oxidation resulted
adatoms on the electrode surface took part in nitrate reduc-from its intrinsic property and the interaction between the
tion[43]. The presence of adsorbed nitrate ions and hydrogenpolarised electrode and ammonia. It was believed that the an-
species at the cathode surface during the nitrate reduction hasdic polarisation of the Pt electrode surface during ammonia
been confirmefP1,74,75] The hydrogen adatoms competed oxidation led to an excess positive charge and thus lowered
with nitrogen species for the active sites and thus hindered ni-the Fermi level of the Pt metal and resulted in a decrease of
trate reduction or, successively, the released hydrogen atomshe electron density in the ammonia orbitals. Consequently,
hydrogenated the intermediates forn{@¢b—7] The effect the PN bonds were strengthened and theHNbonds were
became important in the potential region of intense hydrogen weakened, making them more prone to dissociaf&s].
evolution. Such an electronic effect prevented formation of poisoning
The effectiveness of the PARETi mini-mesh electrode  species, e.g. Mis and stabilised active species, e.g. NH
for nitrate reduction can be attributed to the intrinsic activity The former could block the electrode surface and the later
of the Rh and Pd for nitrate reduction and, more importantly, could combine to MHy (x=2-4) adspecies and then to form
to the synergetic effects, which resulted from the local elec- N2, as aforementioneléh7,62—66)
tronic modification or the co-operative electronic effects as  The above results demonstrated the effectiveness of the
well as active sites distribution induced by mixing differ- PdRR s cathode for nitrate reduction and the Pt anode for
ent catalyst§76—78] The metal-metal combination mod- ammonia oxidation. However, information on selectivity
ified the electronic environment and changed the structureand efficiency were unavailable from the voltammetric
parameters, such as bonding distance and bonding energymeasurements, although they are important criteria because
reaction mechanism, etc., compared to single catalysts. Suchitrite ions and ammonia are more toxic than nitrate ions
an effect has been demonstrated for nitrate reduction and theand their formation should be avoided. To verify the results
binary and ternary catalysts showed better catalytic activity obtained using voltammetric measurements and to determine
than the single catalysts in terms of the reduction of nitrates selectivity and efficiency of the ZGSPE reactor for nitrate
and preventing formation of ammoniu8,19] reduction and ammonia oxidation, batch electrolyses were
Steady-state polarisation curves obtained on a Pt/Ti carried out. The concentrations of nitrate, nitrite, ammonia
mini-mesh working electrode in the 1 M NaOH solution with and other possible side products were monitored using
(0.1 M) or without ammonia are shownkig. 3. The current HPLC and ion sensor. Yields of these components were
calculated according to Eq4.), (2), (3a), (3b), (5a)and(5b).

25 3.2. Bulk electrolysis—feasibility

2.0 1 Feasibility of simultaneous reduction of nitrate and oxi-
dation of ammonia was demonstrated in the zero gap solid
15 4 polymer electrolyte reactor using Ti mini-mesh electrodes

with PdRR 5 or Pt catalysts. Typical data are presented in

Fig. 4where the simulated solution was used as the catholyte
and a solution produced in the previous reduction of nitrate,
i.e. 9.42 mM NH* in the simulated solution without N§J,

was used as the anolyte. Conversions of nitrate (for the
nitrate reduction) and ammonia (for the ammonia oxidation)

1.0 4

0.5

Normalised current density/mA cm-2 mg-!

0.0 - steadily increased and finally, after 50 h electrolysis, reached
o——0 100% with concomitant formation of nitrogen and ammonia
05 . ‘ ‘ . . . or nitrate Fig. 4, Tables 1 and 2 The concentration of
04 0.6 0.8 1 12 1.4 1.6 nitrogen approached high values within 20 or 10 h for the
Anode potential/V vs. SCE nitrate reduction and the ammonia oxidation, respectively,

after which the nitrogen concentrations seemed to level
Fig. 3. Steady-state polarisation curves on the Pt/Ti mini-mesh electrode in off. The initial increase in concentrations of nitrogen and

1M NaOH SO|L§tI0n with and without ammonia. Anode: Pt/Ti mini-mesh ammonia or nitrate can be explained based on the relatively
(2.03mgPtcm?, 1.2cnf); Cathode: Pt mesh (20 &n Anolyte: 1.0M

NaOH solution with @) or without () 0.1 M NHs (100cn?). Catholyte: 11N reaction rates of Eq¢2) and (3a) (nitrate to nitrogen
1.0M NaOH solution (100 c). The data were collected using potentio- @nd to ammonia) of6) and (3b) (ammonia to nitrogen and

static measurements and other conditions &&gn2 nitrate). The levelling off in nitrogen concentration was
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Fig. 4. Removal of nitrate and ammonia simultaneously during the paired
electrolysisinazero gap solid polymer electrolyte reac@®yNitrate during
the nitrate reduction ) nitrogen during nitrate reductioriliy ammonia dur- . . Y
ing ammonia oxidation) nitrogen during the ammonia oxidation. Reactor: 9ap so||d_£30|ymer electrolyzte reactor. Curregt densi@) { mAcm= (A)
zero gap solid polymer electrolyte reactor divided by a N&iaa7 mem- 5 mAcm (W) 10 mAcnT=, (,’_) 20 mA C_m_ - Anolyte: 1.0M NaHC@Q
brane. Cathode: PdRE/Ti mini-mesh (0.75mg Pd+1.09mg Rhcfy solution (170 crf). Other conditions as ifig. 4
20 cnrf). Anode: Pt/Ti mini-mesh (2.03 mg Pt crf, 20 cn?). Catholyte: the
simulated solution (170 c#. Anolyte: 9.42 mM NH* in the simulated so- ~ 3.3. Bulk electrolysis—influence of current density
lution without nitrate ions (170 cm). Flow rate of electrolytes: 50 mimin
Temperature: 21.% 1.0°C.

Fig. 5. Effect of controlled current density on current efficiency for ni-
trogen formation during the electrochemical reduction of nitrate in a zero

A significant effect of applied current density on current
efficiency for both nitrate reduction and ammonia oxidation
attributed to the decrease in concentration of reactants, i.e.as observedigs. 5 and how the correlation between the
nitrate or ammonia, and the consequent gradual decreasgurrent density and the current efficiency for nitrogen forma-
in nitrogen production rates. No nitrite ions were detected tion in the ZGSPE reactor during the paired electrolysis. For
during the paired electrolysis. Other possible intermediates, nitrate reduction, a current density of 1 mAcfgave the
e.g. NFbOH, were also not detected, possibly, because their highest current efficiency, with respect to nitrate reduction
reduction in alkaline solutions was faster than in acidic to nitrogen, which was between 52.4 and 95.0%g(5). It
solutions [80,81] Thus, only overall reactions providing follows fromFig. 5that the current efficiency decreased with
stable products were considered here. Investigation of otherincreasing current density. A current density of 5 mA®n
possible intermediate steps was not carried out in this work. |ed 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 electrolyfe reactor
Current density (mA cm?) Catholyte Anolyte
x (%) y (kgm3h1) B (molcm2h~1) x (%) y (kgm3h1) B (molcm2h~1)
1 577 3.2 0.033 4% 0.016 0.13
5 739 4.0 0.042 55 0.030 0.15
10 949 5.2 0.054 631 0.036 0.17
20 100 54 0.057 100 0.056 0.27

2 The conditions as ifigs. 5 and 6

Table 2
Effect of current density on selectivity during the paired electrolysis in a zero gap solid polymer electrolytéreactor
Current density (mA cm?) Catholyte Anolyte
&n, (%) éno, (%) &N, (%) &no, (%) éno; (%) &n, (%)
1 98.9 0 11 0 14.1 85.9
5 97.6 0 2.4 0 42.0 58.0
10 97.1 0 2.9 0 51.9 48.1
20 92.5 0 7.5 0 65.6 34.4

2 The conditions as ifrigs. 5 and 6
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1.8% - became more acidic during electrolysis. The maximum pH
after 24 h electrolysis was observed at 10 mA€émi.e.
11.59. The decrease in pH at 20 mAcfrwas caused by
more protons crossing the Nafion membrane. More alkaline
media were beneficial to decrease nitrite and ammonia
1.2% - formation and to suppress hydrogen evolution during nitrate
reduction6,54]. 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
0.6% 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-

‘!SQE : tive sites and thus hindered nitrate reduction or, successively,
0.0% ' ' ' ' the released hydrogen atoms hydrogenated the intermediates
o 3 1;:}1 5o » 3 formed as well as the absorbed hydrogen atom reacted
ectrolysis time/h . X X

with nitrate [2,5-7,21,43] These processes determined the
Fig. 6. Effect of controlled current density on current efficiency for nittogen  activity, selectivity and efficiency of the process and are
formation during the paired electrolysis in a zero gap solid polymer elec- important in the potential region of intensive hydrogen
trolyte reactor—ammonia oxidation. Current densi®) (L mA cm2; (a) evolution.

SmAcnT 2, (M) L0mAcnTZ; (4) 20mAcnT 2 Catholyte: 1.0 M NaHC® The applied current density had a great effect on the
solution (170 crd). Other conditions as iFig. 4. R . . . .

product distribution during ammonia oxidatiofiaple 2.

A decrease in the yield of nitrogen and an increase in the
currentdensities, the current efficiency decreased further, e.gyield of nitrate of more than 50% were observed when the
7.0-9.2% at 10 mA cr? and 3.5-4.3% at 20 mA cms. The applied current density was increased from 1 to 20 mAgm
decrease was probably due to higher hydrogen gas generatiotNo nitrite and hydroxylamine were detected during the
in the structure of the electrode restricting the access of lig- oxidation, suggesting that these species, if any, were oxidised
uid and thus limiting mass transport of nitrate to the surface further. Similar observations were reported elsewliiédg
of the catalyst. The data suggest that the partial current for It was believed that, at relatively low potentials (cor-
N> formation at all applied current densities was between 1 responding to relatively low current densities), the Pt was
and 0.5 mA cn2. A current density of 5 mA cm? was used devoid of adsorbed oxygen, which benefited formation of
in further study of the nitrate reduction. This was because the hydrogenated adsorbates like sbind NH agsand led
it still exhibited a relatively high current efficiency, together to formation of nitrogen gas. At higher potentials, adsorbed
with the highest partial current density for nitrate reductionto oxygen specieswere present atthe Pt electrode surface, which
nitrogen, i.e.p x j &~ constantc 0.7, which was higher than  promoted formation of fully dehydrogenated adsorbate, e.g.
that at 1 mAcm?, i.e. 0.5. atomic nitrogen Nys which increased with time, blocked

Similar trend was observed for the oxidation of ammonia the electrode surface and thus decreased the available area
on the Pt electrode, i.e. the highest current efficiencies (be-for NH3 to adsorb and dehydrogenate to active intermediates
tween 0.7 and 1.8%) were observed at a current density ofsuch as NHgsand NH a4s[62,63,79] Consequently, lower
1 mA cmi2, which were 40 times higher than those observed activity and lower current efficiency were observed at higher
at 20 mA cn? (Fig. 6). current densities. The enhanced oxygen evolution at high

More data with respect to the effect of current density on current densities was also responsible for the decreased
the nitrate reduction and the ammonia oxidation are shown activity and selectivity with increasing current density.
in Tables 1 and 2Generally, increasing current density led
to increases in percentage of nitrate or ammonia removal,3.4. Bulk electrolysis—influence of nitrate
space-time yield and average reaction rate. However, the ef-concentration, temperature and flow rate
fectwas more significantfrom 1 to 5 mA crhand only small
change could be observed at higher current densities. For ni- Fig. 7 shows the results of nitrate reduction in the
trate reduction, the other products changed with applied cur-ZGSPE reactor using a PAR#ITi mini-mesh cathode at
rent density, e.g. ammonia yield increased from 1.1 to 7.5% a current density of 5mAcn? in the simulated solution
when the current density increased from 1 to 5mAém  with different concentrations of nitrate. The data show that
i.e. the formation of ammonia was more favourable at higher the rate of nitrate removal depends on nitrate concentration.
current densities. It is also interesting to note the variation of When the concentration of NaNQvas smaller than 1 mM,
solution pH with current density. The pH of the treated solu- the rate of nitrate removal was low, i.e. between 0.00027 and
tions gradually increased (more alkaline) while the anolyte 0.0037 molcm2h~1. With the increase of concentration

1.5% -

0.9% A

Current efficiency for N, formation

0.3% A
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0.2+ nitrate reduction, other reactions (e.g@.td NHz) 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 soluti@33. Current
efficiency also decreased with the electrolysis time in each
014 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
0.05 ; ‘ - ' ‘ v , and 37.1kWhkgt in 0.1, 1.0, 16.1 and 100 mM nitrate so-
0 4 8 12 16 20 24 28 . h .
Electrolysis time/h Iutlons_, res_pectlve_ly'l(able 3._ The much h_|gher energy con-
sumptions in the dilute solutions were a direct consequence of
Fig. 7. Effect of nitrate concentration and temperature on rate of nitrate the much lower current efficiencies in these solutions; also,
removal during the paired electrolysis in a zero gap solid polymer electrolyte in the dilute nitrate solution, the hydrogen evolution reac-
rgactor. Tempe!'ature and concentrationoof nitrate (the catholytes V\:ere inthetion affected the electrode potential and, thus, increased cell
oo, 1T W22 L2 SIS LIIOPESE A5 € Vollage 10 a greater extent than he nitate recucl)
(®) 60°C, 16.1 mM: @) 80°C, 16.1 mM. Other conditions as Fig. 4 In our case, an increase in nitrate concentration from 0.1 to
100 mM led to a decrease of 0.5V in cell voltagalfle 3.
of NaNGQ;, the rate increased significantly, i.e. around 0.06 The selectivity of nitrate reduction was approximately con-
and 0.10molcm?h~! in 16.1 and 100mM solutions, stant over the investigated range of nitrate concentration
respectively. A high concentration increased the mass (Table 3.
transfer of nitrate to the electrode and thus increased the rate The influence of the reaction temperature on nitrate re-
of nitrate removal. duction in the ZGSPE reactor was investigated between am-
Another striking feature for nitrate reduction, as shown bient and 80C and typical results are shown ffig. 7 and
in Table 3 is that nitrate concentration had a significant Table 3 Increasing temperature favoured ammonia forma-
effect on space—time yield, i.e. at 24h, 0.03, 0.3, 4.7 and tion and reduced nitrogen formation. One of the reasons was
9.8kgnT3h~1in 0.1, 1.0, 16.1 and 100 mM nitrate solu- due to different pH change of the catholyte at different tem-
tions, respectively. These changes were caused mainly byperature during the electrolysis, e.g. at 24 h, the catholyte pH
change in the rate of nitrate removal. changed from 7.65 to 9.61 and 10.34 at ambient tempera-
Nitrate concentration also had a great effect on the currentture and 80C, respectively. The pH change was a natural
efficiency, e.g. at 24 h, 0.09, 0.87, 13.0 and 29.2% for the result of the related reactions (Ed4), (2), (3a), (3b)). In
nitrogen formation in 0.1, 1.0, 16.1 and 100 mM nitrate solu- basic nitrate solutions, increasing pH could suppress hydro-
tions, respectivelyfable 3. Current efficiency was relatedto ~ gen evolution and increase ammonia formafio#]. Conse-
quently, current efficiency for nitrogen formation decreased
Table 3 slightly when the temperature was increased from ambient
Effect of_ con_centration Qf nitrate and temperature on the paired temperature to 80C (Table 3.
electrolysis—nitrate reductién The percentage of nitrate removal, space—time yield and
Concentration (mM) rate of nitrate removal increased with increasing temperature,
although the effect was relatively small, compared with that of

0.154

Rate of NO;- removal/mol m-2 h-1

0.1 1.0 16.1  16.1(80C) 100 X ; .

” 100 100 ol7 100 357 nitrate concentration. For example, the rate of nitrate removal
;)Egk;)m*3 ) 003 03 17 5o o8 at 80°C was initially three times higher than that at ambient
B(molcnr2h~) 000027 0.0035 0.052 0.057 0.105 temperatureRig. 7) and only increased 0.005 mol crhh~*

&No, (%) 0 0 0 0 0 after 24 h, because the nitrate concentration was much higher
&NHy (%) 56 6.3 6.8 16.0 75 initially than at 24 h. As the temperature increased, the energy
&N, (%) 94.4 937 932 840 925 consumption decreased, e.g. at 24 h, 34.5 and 21.0 kWwh kg

¢ (%) 0.09 0.87 130 126 29.2 at ambient and 80C, respectively. This was mainly due to

¥ (kWhkg™1) 4637.4 9270 345 210 37.1 )  TEsp y- y )

Ecer (V) 23 23 21 11 2.0 the decrease in the cell voltage, i.e. 2.1 and 1.1V at ambient

2 Data were collected at 24 h and ambient temperature 21.5°C) and 80)C_’ rESpeCtlvelyTable_ 3 .
except for 16.1mM where the data for two temperatures were provided.  Arelatively small effect ofincreasing the flow rate from 50

Other conditions as ifig. 7. to 100 cnt min~1 on the rate of nitrate removal was observed,
® Data for nitrogen formation. i.e. only changed about 0.003 mot#h~1 (Fig. 7). This can
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nitrogen formation increased from 0.02 to 0.09% when the
concentrationincreased from 0.38 t0 9.42 midlfle 4. Cur-
rent efficiency also decreased with electrolysis time for each
el solution, since ammonia concentration decreased with time,
the hydrogen evolution gradually increased and current effi-
45 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
10 with time and decreased the available area fogésorption
and dehydrogenation of the adsorbed ammonia to the active
intermediate§63]. Improvement in selectivity and inhibition
of hydrogen evolution are necessary to increase current effi-
D\ﬂH\D ciency. As a consequence of very low current efficiencies, the
: energy consumed for the ammonia oxidation was extremely
0 4 8 12 16 2 24 28 high up to 5070 kWh kg (Table 4, although we can essen-
Electrolysis time/h tially ignore these high values because of the nature of the
paired electrolysis.

Fig. 8. Effectoftemperature and ammonia concentration on rate of ammonia There were small changes in the cell voltage with changing

removal during the paired electrolysis in a zero gap solid polymer electrolyte . .
reactor. Temperature and concentration of ammonia (the anolytes were in theCOnC(:"ntr"’l'[Ions of nitrate and ammonTaK)Ies 3and )4 sug

Rate of NH; removal x 104/mol m-2 h-1

simulated solution, 170 cHx (W) 22+ 1.2°C, 0.38mM; (J) 22+ 1.2°C, gesting that a relatively small concentration polarisation due
0.06 mM; (O) 20+ 1.0°C, 0.38 mM, 100 crimin~1; (4) 40°C, 0.38 mM; to the high ion concentrations of the simulated solution. The
(®) 60°C, 0.38mM; &) 80°C, 0.38 mM. Other conditions as Fig. 4 cell voltage decreased significantly with increasing tempera-

ture, e.g. from 2.1 to 1.1V for an increase in the temperature

_ o o from ambient to 80C, which were direct results of enhanced
be attributed to similar conditions in mass transfer and contact reaction kinetics on the anode and cathode and increase in the

time between the catalysts and the reactant at the two ﬂOWeIectronte conductivities.

rates [6] and the refs. cited in). _ Increasing temperature from ambient to °&D in-

Fig. 8andTable 4show the effect of ammonia concentra- . eased the percentage and rate of ammonia removal
tion, temperature and flow rate on ammonia oxidation inthe 54 the space-time yield from 82.4 to 100%, 0.013 to
ZGSPE reactor using a Pt/Ti mini-mesh anode at a currentg g15 kg3 h~1and 0.0011t0 0.0014 mol crAh~tat24 h

density of 5mA cnm2 in the simulated solution. In the dilute (Fig. 8andTable 4, respectively, due to the enhanced reac-
solutions, e.g. between 0.062 and 0.38 mM, the rate of am-jon) kinetics. More nitrate ions were produced and less nitro-

monia removal and the space—time yield were doubled Whengen was evolved at elevated temperature, compared to low
the concentration was doubled. A significant change Occu”edtemperature during ammonia oxidatiorable 4.

when the concentration was increased from 0.38 to 9.42 mM, Increasing the flow rate above 50&min—?, e.g. to

e.g. at 24h, values were 0.0011-0.128 motéim* and 100 cn? min~1, led to a decrease in the rate of ammonia re-

0.013-9.8kg meh~*. As aresult of increased reactant con- moyal (Fig. 8), suggesting that the contact time between the

centration and thus mass transfer. Current efficiency for the catalysts and the reactant had greater impact on the oxidation
rate than mass transfer.

Table 4

Effect of concentration of ammonia and temperature on the paired 3 5 Bulk electrolysis—influence of electrolysis media
electrolysis—ammonia oxidatién

Concentration (mM) Table 5compares the paired electrolysis in the ZGSPE
reactor with alkaline solution or with pure water. Similar re-

sults were obtained in the two media, although the oxidation
x (%) 100 100 824 100 357 of ammonia in pure water seemed slightly better than in the

0.062 0.17 0.38 0.38 (8@) 9.42

EEE?OTC;:Z ;)_1) 8:8834 giggge %‘_%%)311 %_%%)51 4 %_8128 alkaline solution. The implication of such data is that the
£no, (%) 0 0 0 0 0 technology will potentially attract wide applications includ-
&nHg (%) 34.8 42.2 47.0 62.0 45.2 ing wastewaters with very low levels of nitrate and ammonia.
&n, (%) 65.2 57.8 53.0 38.0 54.8 The main problems with electrolysis were production of
¢ (%)° . 0.0z 005 0078  0.08 009 nitrate and nitrite ions during the oxidation of ammonia, es-
gct(ell(l\?\//h) kg™) 20270‘4 21265'0 2%161‘0 1ftf3‘8 2%90'2 pecially for long-term operation. A change in the operating

. conditions, e.g. decreasing current density, could partially
a Data were collected at 24 h and ambient temperature 21.5°C)

except for 0.38 mM where the data for two temperatures were provided. supprgss this trend, al_though more_ efficient approaches, e.g.
Other conditions as ifiig. 8 selective anode materials, are required to tackle the problems

b Data for nitrogen formation. thoroughly.
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Table 5 major benefit for the paired electrolysis is the energy savings
Effect of medium on the paired electrolysis in a ZGSPE reéctor resulting from the simultaneous use of cathode and anode
Medium NaHCQ H,O NaHCG; H,0 reactions.

(NOg™) (NOs™)*  (NHy) (NHa)° The rates of nitrate and ammonia removal, the space—time
x (%) 568 546 992 994 yield and the current efficiency increased significantly and
v (kgmh-1) 83 84 014 015 the energy consumption decreased significantly with increas-
B (molcm2h~1) 0.11 010 0022 Q019 . : : .
éno, (%) 0 0 167 111 ing nitrate concentration. Pgrcentages of nitrate and ammo-
£y (%) 127 104 nia removal, space—time yield and rate of nitrate removal
N0, (%) 238 224 increased with increasing temperature. Increasing tempera-
én, (%) 873 896 595 655 ture favoured the side reactions, e.g. formation of ammonia
AR 246 243 30 38 in nitrate reduction and production of nitrate and nitrite in
gci:\?\/gkg ) 4;’:5 42; 6;‘_3 5:2 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

The most important advantage of the paired electrolysis is toward to nitrogen, in order to achieve higher competitive-
the full use of both cathode and anode for the useful electro- ness. Use of an anion exchange membrane is another aspect
chemical conversion rather than only allowed a side reaction to fully explore the advantages of the ZGSPE reactor for the
in one side. The paired electrolysis sorted out problems paired electrolysis.
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 Acknowledgements
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