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The present work was undertaken in order to learn more about 

the electrochemical reduct ion of nitrate in alkaline solutions. 

Conditions which maximize the current efliciency for the produccion 

of dinitrogen and/or armnonia gases 

could have far-reaching significance regarding the treatment of 

radioactive waste oolutiona. This has been realized for some time 

and one patent(1) and several reports in the closed literature(2,3) 

give condition8 Tot  the above processes in two-electrode cells 

under essentially constant cutrent condit  tone. Reduct ion of 

ni tra te  to harmless gases would permit  recycling of caustic 

* The information coatained in this a r t i c l e  was developed during 
t h e  course O€ work under Contract No. DE-AC09-76SR00001 with t h e  
U . S .  Department of Energy. 

** Permanent address: Chemistry Department, Lahzhou University, 
Ganau Province, China. 
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eleccrolys is solutions for the neutralization of nitric acid waste 

solutions. In this fashion the volume of radioactive waste 

sofut ion requiring disposal would be reduced. 

The reduction of nitrate and nitrite ions et  platinized 

platinum electrodes in 15 NaOB has been studied by Horaayi and 

lZizmayer(4). These authors found pronounced maxima in the polar- 

ization curves and presented coulometric data supporting complete 

reduction to ammonia at high averpotentiale. 

potentials reduction to dinitrogen (NZ) was indicated. 

? 

A t  less negative 

In the present study the overall electrode reaction for the 

reduction of nitrate in alkaline medium has been established under 

conditions approaching those encountered i n  actual radioactive 

waste solutions. 

the possible effects of the presence of oxygen on the reduction of 

nitrate. Oxygen gas generated at the anode in these cells is 

transported to the cathode where it can be reduced and possibly 

decrease t h e  current e f f i c i ency  for the cell reaction. Accotd- 

ingly,  i n  the  studies reported below the cathode compartment was 

isolated from anode by a membrane separator. Furthermore, oxygen 

was added to the gas stream in the cathode compartment in order to 

determine its effect  on the course of the electrolysis. 

Previous applied studies(1-3) have not considered 

Sxperircot 81 

Electrodes and Materiale.--For voltaketric ctudies two 

platinum electrodes with geometric aretts of 0.21 cm2 and 0.5  cm2 

were used. They were polished with 0.3 micron lapping compound, 

washed 1:l n i t r i c  acid, and rinsed thoroughly with distilled 
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water before use. A nickel disk electrode with an atea of ca. 

0.2 em2, which was made from a nickel-200 rod (Huntington Alloys) 

encased in  Teflon, was polished, treated with l:1 HCI, and washed 

with distilled water as above. Large area nickel-200 plate and 

plat h u m  gauze electrodes were used for the coulometric experl- 

ments. Nickel plate electrodes (3  cm x 2 cm x 0.12 r!m> were 

platinized by simple immersion in a 3% PtC1,/0.025% Pb(acetate)2 

solutioa for ca. 5 min. These electrodes were used extensively for 

the coulometric experiments describe belov. A S . C . E .  reference 

elect rode was employed. 

Certified A.C.S. grade reagent UaOH, Na2CO3. NaN02, and NaN03 

(Fisher), the l a t t e r  T w o  dr ied  at 120’C, were used to prepare the 

solutions. The manufacturer specified that &he nitrite content in 

the NaW3 vas less than 0.001%. High purity nitrogen and oxygen 

were used to purge the solutions. Heteriag valves (MG Scipntific), 

flow rates 0.05 to 0.5 mL/rnin and 0.2 to 2.0 a L / m i a ,  were used to 

provide the gas mixtures. 

Instrumentation.-Cyclic voltammetry was carried out with a 

BAS CV-27 voltammeter and a BAS 100 Electrochemical Analyzer. The 

controlled potential coulometry was done w i n g  a P . A . R .  Model 

173/179 potentiostat-coulometer. 

performed in a two-compartment cell  with a 0.007-inch-thick 

Nafion-117 (Aldrich) membrane separator (area * 1.75 crn’). Tempet- 

Most of the electrolyses were 

ature control (22.C) was achieved using a Sargent thermonitor, 

model ST S-82052. Mass spectra of the gases produced at the 
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cathodes wjre obtained by direct injection i n t o  the E1 ionization 

chamber OE a Hewlett-Packard aodel 5934A mass spectrometer. 

Ion chromatography was performed using a Dionex anion exchange 

column (AS4A) and a carbonate buffer (pH 10, 0.2498g NaHC03,  

0.8570 g Na2C03/4 L) mobile phase, flow ratea: 2.00 d / m i n  for 

nitrate and I .OO mL/min for nitrate/nitrite mixtures. Optical 

detectioa at 202 m provided adequate sensitivity for the rela- 

tively high concentrations of ions i n  the electrolysis solutions. 

9 

RESULTS 

Bulk Electrolyses. --Constant potential coulometry was per- 

formed at platinum, nickel, and platinized nickel electrodes on 

NaN02, WaN03, Na2C03, NaOH solutione under a variety of conditions. 

Results are given in Table 1. The concentration of ni tr i t e  and 

nitrate during the course of the electrolyses was determined by 

chromatographic analpi; as described in the experimental section. 

Most o€ the electrolyses were carried out vith a divided cell 

using a Nafion membrane to separate the anodic and cathodic cell 

compartments. 

Figure 1, shows a typical  experiment in which a n i t r i t e  

intermediate Chromatographic peak appears during the course of an 

electrolysis. Coulometric current efficiencies based on the €ive- 

electron reduction to dinitragen (NS) were quite high, ranging up 

t o  ca. 90% in soate experiments. At short times (,leas than 20% 

electtolys is 1 close to 100% current efficiencies were obtained. In 

most of the electrolyses 8 nitrite intermediate peak was evident, 
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although further reduc t ion was always observed, No other peaks 

appeared in the ion chromatograms. 

Qualitative identification of N2 as &he major electrolysis 

producr was achieved by mass spectroscopy. I n  these experiments 

the cathode was inserted i n  an inverted col lecr ioa  tube i n  quiet 

solution, The gas produced at the cathode was collect'ad by d i s -  

placement of the aqueous NaOR solution, transferred to an evacuated 

sampling vessel via a drying tube, and injected directly i n t o  the 

ionizatioa chamber of a mass spectrometer. 

attributed to N2+ dominated she mass spectra. 

attributed to water were also seen, and in m e  experiment a trace 

/ 

The signal at m / e  

Weak signals 

28, 

of ammonia was present. 

although t h i s  epecies has been observed by othere(2). 

No peak at mfe * 44 €or N20 was observed, 

The amount of  gas evolved at the cathode in these experiments 

was small, Lees than 5 mL, and the e lec tro lyses  proceeded slowly. 

For the coulometric experiments of Table 1 ,  in which the solutions 

were stirred and the cathode compartment was flushed continuously 

w i t h  nittogen or a nitrogenfoxygen gas mixture, reduction of 

nitrate was much more rapid. 

Increasing mounts of ammonia were observed upon an increase 

i n  the cathodic current densi ty  in bulk electrolysis experiments 

carried out at constant current. At current densities less than oc 

equal t o  0.107 mps/cm*, nitrogen i s  the  major eleccrolysis 

product. 

e lec tro lys i s  product. Also, the amount of ammonia was observed to 

increase during the course of the electrolyses. 

A t  0.466 amps/cm2, ammonia was found t o  be the major 
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Current e f f i c i e n c i e s  in Table 1 were ca lcu la t ed  assuming that  

the products of the e l e c t r o l y s e s  were n i t r i t e  ion,  a two-electron 

process, and d in i t rogen ,  a f ive-electron process, using Eq. [3 ]  

Q, = 5F(Ao - A t )  - 3FBt 131 

t o  c a l c u l a t e  the t h e o r e t i c a l  amount of charge for t h e ? n i t r a c e  

reduction. In  t h i s  equation A, is the i n i t i a l  amount of n i t r a t e  

i n  moles and 4 and Bt a r e  the molar amounts of n i t r a t e  and 

n i t r i t e ,  r e spec t ive ly ,  present at the end of the e l e c c r o l y e i s .  The 

q u a n t i t i e s  were determined by i o n  chromatography. 

from the data i n  Table 1 thas observa t ion  of a ni t r i te  in t e rmed ia t e  

was favored when plat inum e l e c t r o d e s  were employed. The Ni(Pt) 

e lec t rodes ,  oa the o the r  hand, gave grea te r  cu r ren t  d e n s i t i e s  based 

It can be noted 

on geometrical  e l ec t rode  area and mre e f f i c i e n t  reduction to 

nit rogen gas. 

Several preliminary e l e c t r o l y s e s  at  constant cu r ren t  were 

performed i n  the presence of ruthenium added to the s o l u t i o n  i n  the 

f o r m  of the disodium salt  of hydroxynitroslytetranitroruthenium( 11) 

Na2 fRuNO(N02)+OH]. 

into ammonia were observed i n  these experiments. Over the cousse 

of the electtolysis elemental  ruthenium deposited on the n i c k e l  

Higher conversion r a t e s  of n i t r a t e  and n i t r i t e  

cathode. 

undergo facile electrochemical teduct i o n  to amine  complexee(S), 

Since nitro end nitrosyl ruthenium complexes are known t o  

the hlchenium complex andfor the ru theniuh  deposit  on the cathode 

may is part be providing for P more facile mechanism f o r  t he  reduc- 

tion t o  ammonia. 

- 6 -  
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Role of Oxygen.--Since previous studies were not concerned 

with the removal of disso lved  oxygen gas in the e l e c t r o l y s i s  c e l l s ,  

s eve ra l  experiments were performed in uhich oxygen was mixed w i t h  

the  ni t rogen gas which flushed t he  cathode compartment. It can be 

noted tha t  not only was oxygen not removed from the  cells  i n  pre- 

vious s tudies ( l -3) ,  but t ha t  the  so lu t ions  were sa tu ra t ed  with the  

oxygen formed at &he anodes. Since the  reduct ion po ten t i a l  of 

oxygen is considerably Lese than t h a t  of &he cathode during the  

reduct ion o €  n i t r a t e ,  reduct ion of oxygen is l i k e l y  t o  be involved 

i n  the cell process. 

z 

Resul ts  are shown i n  Figure 2. Increasing the x oxygen 

content  ha8 two e f f e c t s ,  The cu r ren t  e f f i c i e n c i e s  decrease  

presumably due t o  the concurrent  reduct ion of oxygen, and t h e  rate 

of n i t r a t e  reduct ion,  as measured by the  % n i t r a t e  reduced in one 

hour of e l e c t r o l y s i s ,  increases .  The increase is s i g n i f i c a n t ,  from 

ca. 45% for pure nitrogen to 90% for 5 %  oxygen i n  the gas stream. 

Several experiments were performed t o  see i f  hydrogen peroxide 

(e.g.  H 0 2 - )  generated by the two-electron reduct ion  O E  oxygen, 

022- KOz- + OH-, (4 1 

could be respons ib le  for the  increased rate of n i t r a t e  reduct ion .  

However, addition of a l i q u o t s  of 30% H,O, so lu t ion  t o  NaOH/NaNOj or 

NaOH/NaNOZ mixtures a t  8 0 a C  did not r e s u l t  in t he  decrease of the 

ion chromatagraphic peaks for  nitrate or 'nitrite. These results 

suggest an e l e c t r o c a t a l y t i c  role for the  superoxide anion,  02-, in 

the  reduct ion process.  

. 



Cyclic Voltammetry.--In spite OF the high efficiency electr'ol- 

yses of nitrate and nitrite solutions that have been performed, 

only nonideal c y c l i c  voltammograms were obtained under similar 

experimental conditions. Careful attention to electrode pretreat- 

ment procedures were necessary in order to obtain reproducible 

behavior. The cyclic voltametric results only permit the qualita- 

tive conclusion that surface phenomena. e.g. ,  adsorption processes 

and reduction of oxide films, play important roles in the electrode 

reaction for the reduction of nitratelnitrite in NaOEt media. None- 

theless, the voltammettic data are presented here since they pto- 

? 

vide a framework for electrolysis experiments discussed above and a 

rationale for the selection of the experimental conditions for the 

bulk electrolyses. 

1. Reduction of Nitrite. Figure 3 shows a cyclic voltammo- 

gram obtained at a Pt electode in ca. 10'2M NaN02,  1H NaOH a t  room 

temperature in unstitred solution. On the forward, negative-going 

sweep a nearly syrmnetrical nitrite reduction peak appears at -0.84 

V vs. S.C.E. On the reverse sweep, the cathodic current increases, 

roughly retracing the forward current, and exhibits a cathodic peak 

with a proaounced shoulder. This highly unusual voltammetric 

pattern was reproducible and was observed f o r  both nitrate and 

nitrite solution at platinum electrodes. The peak current on the 

negative-going sweep was proportional CQ Vo *' over the sweep rate 

(VI range, 0.01 to 2 V/sec. This behavior is indicative a€  a 

complex, nondiffusion controlled electrode process. Importantly, 

- 8 -  
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there is a wave at ca. -0.3 V which is believed to be due to 

reduction of a platinum oxide film (see below). 

The peak current was markedly dependeat on temperature, 

increasing by a factor of seven over the temperature range 20' to 

95' C. 

indication that a simple diffusion controlled process was not 

The plot of i n  ip vs 1/T was nonlinear, which is further 
F 

operative. Figure 4 shows the concentration dependence of the 

nitrite peak current. Again a nonlinear response is obtained uith 

ip becoming independent of concentration as the concentration 

increases. The nitrite reduction current was not a stcoag function 

of the NaOH concentration as is seen in Figure 4 where the circles 

and triangles are for 1M - NaOH and 6.1M NaOH (20%), respectively. 

Most of the electrolyses reported below were performed in 3E NaOH 

with added N a 2 C 0 3 .  

Interestingly, the-nitrite peak current was found to b,e 

dependent on the potential selected to poise the electrode prior to 

initiation of the negative-going potential sweep, the "activation 

potential", and the length of time the electrode was maintained at 

this potential. This behavior is ehown in Figures 5 and 6. The 

effect io quite dramatic as is seen in Figure 5. Potentioetatting 

the electrode at 0.5 V vs. S.C.E .  for ca. 60 8ec produces an 

increase  in the cathodic reduction peak for nitrite of almoat a 

factor of 10. The peak current i a  also enhanced by simple 

imersion of the platinum electrode in the NaN02 solution at open 

circuit (Figure 51,  but longer times are required to enhance the 

current t o  the same level. 

- 9 -  



The above observations, tmile not f u l l y  understood, are 

believed to be related both to adsorption of nitrite on the elec- 

trode surface and to reduction of surface oxide films formed at the 

positive potentials. The lattet is indicated by cyclic voltamo- 

grams of platinum disk electrodes in 3g NaOH solution in the 
P 

absence of nitrite or nitrate. Potential excursions past 0.4 V vs  

S.C.E. reeu l t  i n  the appearance of overlapping reduction waves i n  

the -0.3 to -0.6 V region on the negative-going potential sweep 

that are dependeat on the NaOH concentration. This behavior is 

shovn in Figure 7. Oxidation of the electrode at +0.5 V vs. S.C.E. 

produced a &ingle reduction wave at -0.43 V that increases as a 

function of the time the electrode is held at the."activation 

potential," see Figure 7. 

to +8.0 V, a second reduction wave appears at -0.6 V. 

speculated that reduction of adsorbed oxygen or a thin oxide layer 

, 

When the potential is extended to +0.6 V 

It can be 

in the -0.4 to -0.6 V region produces an active surface for the 

subsequent reduction of N O p -  at -0.86 V. 

2. Reduction of Nitrate. A t  room temperature and concentra- 

tion. Less than ca. 0.01l4, cyclic voltamograms of nitrate at pol-  

ished platinum electrodes showed very little indication of electro- 

activity due to 2 diffusion con&rolled process. 

temperature, however, a small reduction wave was evident in t h e  

cyclic valtanrmograma that had peak potentials and wave charactetia- 

tics on the fomard and reverse potential sweeps quite similar t o  

the above description of the nitrate voltammetry. These peak 

A t  elevated 
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currents, which increased wi th  NaN03 concentration, are attributed 

to reduction of a nitrite intermediate or a common intermediate in 

the nitrate and nitrite reductions. The possibility of a nitrite 

impurity in the NaNOj at a sufficient level to give this behavior 

is discounted by the absence of a nitrite peak in the ion 

chromatograms of the initial nit rate solutions. z 

At more negative potentials and high concentrations of n i t r a t e  

a broad voltametric wave due to nitrate reduction was observed; 

see Figure 8. The peak currents were dependent on the initial 

potential in a fashion similar to the nitrite voltammetry, but the 

efEect was less dramatic. Also the currents were dependent on the 

NaOH concentration, increasing with X NaOH up to 12% NaOn 

(ca. 3.4E) at which paint the currents became independent a€ X 

NaOH. At 20% NaOH the currents d i d  not vary with the carbonate 

content over the range 0 to 35 Na2C03. 

Small amounts of chromate were found t o  decrease markedly the 

voltammetric current ascribed to the reduction of nitrate. During 

constant current electrolysis with nickel electrodes, the rate of 

nitrate reduction is decreased upon addition of chromate. A male 

ratio of chromium to nitrate of 3.1 x lo4 is sufficient t o  inhibit 

the reduction of nitrate. It is believed that chromate is reoxi- 

dizing nitrite or lower oxidation state  interrnediates with the 

chromate being reduced to a Cr(IX1) speciea. Preeumably, the 

Cr(II1) species is reoxidized to chromate at the anode establishing 

4 

a catalytic cycle. Further etudies of Chis pheaomnon with differ- 

ent electrode materials are in progree8. 
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A t  nickel electrodes cyclic voLtamogtams of nitrate solutions 

in NaOH displayed no w e l l  defined peak currents, even a elevated 

temperatures. Houever, currents in the region of the cathodic 

discharge process were dependent on the nitrate concentration. 

typical voltammogram of a 0.1M - NaN03 solution in 3g NaOH, 0.2% - 
NaC03 solution at 80'C is shown in Figure 9. In view of the bulk 

electrolysis results described above and the concentration depen- 

dence of the voltametric behavior, the hysteres is  evident on the 

reverse sweep in Figure 9 is related t o  the reduction of nitrate. 

The current differeace at -1.2 V between the current OR the posi- 

tive-going sweep and the current on the negative-going sveep was 

found t o  be strongly dependent on the nitrate concentration and the  

temperature as is shown in Figure 10. 

A 

z 

The above results with platinum and nickel electrodes 

suggested the use of platinized nickel working electrodes.. Much 

larger reduction currents and some definition of a voltametric 

wave are evident in the voltammograms of nitrate of Ni(Pt) elec- 

trodes.  

-1.0) was evident in the voltammograms that had features similar to 

the nitrite peak voltammograms described above. Assignment of this 

wave to the reductio0 of nitrate or a nitrite intermediate in the 

nitrate reduction i a  aupported by the electrolysis results pre- 

At slow sweep rates (30 mV/sec) a peak current (Ep = 

sented above. 
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A significant result of the voltametric study is that nitrite 

is easier to reduce than nitrate. This is cotisistent with the 

observation of nitrite as an intermediate in the bulk electrolyses, 

DISCUSSION 

The overall electrode reaction for the reduction ,of nitrate 

and nitrite under a variety of conditions in alkaline electrolyte 

solutions ha8 been determined in this study. Previous work, which 

indicated that nitrate and nitrite in alkaline solution can be 

reduced at high current efficiencies to gaseous products, has been 

confirmed. 

nitrite in alkaiiae solutions can be reduced at high current effi- 

ciencies co gaseous nitrogen products. At platinized nickel 

cathodes using controlled potential electrorysis techniques, ia 

contrast to previous studies, only small or zero amounts of ammonia 

were detected. This is presumably related to the significantly 

lower current densities used in the present study relative to the 

constant current electrolyses of others(l-3). 

advantage in certain applications since reduction to nitrogen 

requires five equivalents of electricity while reduction to ammonia 

requires eight equivalents. Furthermore, problems due to the gen- 

eration o f  possible explosive mixtures of oxygen and ammonia would 

be avoided. It can be noted that nitrogen was the ajar nitrogen- 

containing product in all of the electrolyaea reported by A t t e r  ec 

a1.(2). 

This study has confirmed previous work that nitrate and 

This should be an 
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In t h e  present s t u d y  the largest voltammetric current  

d e n s i t i e s  w e r e  observed with the N i ( P t )  e l ec t rodes ,  ca. 0.05A/cm2 

of geometrical  area. These l e v e l s  a r e  approximately an order of 

magnitude less than those employed by Al te r  e t  al. who used Armco 

i r o n  and cold t o l l e d  steel cathodes. They are a l s o  less than t h e  

current  d e n s i t i e s  employed i n  the  patent of Mindler and Tuwiner(1) 
? 

where n icke l  e lectrode8 rere used. In the constant  p o t e n t i a l  

e l e c t r o l y s e s ,  the cur ren t  d e n s i t i e s  decrease with time and are much 

less than the above values at the completion of t h e  e l e c t r o l y s i s .  

I n  summary, con t ro l l ed  p o t e n t i a l  e l e c t r o l y s i s  of alkaline 

sodium n i t r a t e  s o l u t i o n  at  8O'C using p l a t i n i z e d  n i cke l  e l e c t r o d e s  

produces gaseous nitrogen at high current  efficiency. Voltammettic 

studies i n d i c a t e  t h a t  the e l ec t rode  r e a c t i o n  involves s u r f a c e  

phenomena and is not mass t r a n s f e r  con t ro l l ed .  Pre l iminary  ev i -  

dence suggests  an e l e c t r o c a t a l y t i c  role fo r  oxygen v i a  t h e ,  genera- 

t i o n  of the superoxide anion. While t he  nature  of t h i s  role i s  no& 

understood, it ia cleat t h a t  reduct ion of small amounts of oxygen 

a t  t h e  cathode is not d e l e t e r i o u s  t o  the  performance of the cell. 
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ColutanC P o L m t i d  EltcCrolysia o f  Alkaline Nitcatr/Nitr i tC Solution i n  3% N.08. O-ZSE N r p O ,  at 8O.C. 
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PICUBE 1. Variation of Nitrate and Hitrite Concentratioas during 
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Ni(Pt) Electrode; -1.2 V vy S.C.X.; 80-C 
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