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Thé electrochesical reduction of nitrate ions in alkaline solution has
been studied using various cathode saterials and is the basis fof a patent
describing the conversion of nitrate into hydroxide ion in carbonate
solutions(i-4). Recently, Taniguchi et al.[3] have reparted that certain
well studied transition aetal cyclic asine complexes, naaely Ca{IIl);cyclaa
and Mi(ll}-cyclam where cyclam is {,4,8,11-tetraazacyclotetradecane,
efficiently electrocatalyze the reduction of nitrate and nitrite to
hydroxylamine at mercury electrodes. Here we report that the metal cyclaa
catalyst can be incorporated intoc a Nafion film electrode, and that the
reduction of nitrate and nitrite proceeds efficiently at these electrodes

.in concentrated NaOH solution. Nafion is a perfluoroalkanesulfonated
cation exchange material that has been widely used to imacbilize redox

couples at electrode surfacesisl, inhluding electrocitalysis species(7].

OF THIS DOCUMENY & UMLSWTED

EXPERINENTAL
Chemicals. The ;g;g;-itof!ll)(cyclan)tlzJCl was prepared according to the

literature procedure of Boenisch et al.{81 Certified A.C.S. grade reagent

NaGH, NaNOz and NaNO3 were used to prepare the solutions. Prepurified ‘ (

argon that was further purified by passage through a colusn of dispersed

MnO on vermiculitel91 was used to resove oxygen fros the solutions. M TER

Nafion-coated electrodes were prepared by two procedures. In the
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first, electrodes were coated with a Nafion film by evaporation u} iO?ZO)LL
of a coemercial (Aldrich) 5 wtX solution.usinq a4 hair dryer and then cycled
through the Co(Iil/Ik)-cyclam couple in 1 M NaOH containing 5aM Co(KII)-
cyctam. The electrode was then respved fros the solution containing the
alectrocatalyst, rinsed with distilled water and transferred to the
solution under investigation. In the second method, én ethanol solution
that was 2 #Y in ECo(III)-cyclantClz)JCl wis dilutéd’»ith an equal voluae
of the 5 wtX Nafion solution. This solution was then used to coat the
electrodes in the abaove sanner. The‘latter eleétro&e! tended to give
greater sensitivity to nitrate, presuaeably owing to the thinner caatings.
Profilimetry on dry filas cast on smooth glass substrates indicated that
the films were quite rough with average thickaesses on the order of 100 to
300 na. |

Hydroxylaaine wis deterained quantitatively in solution using the
spectrophotometric sethod of Dias et at.{{01 The sensitivity of this aethod
necestitated a ten-fold dilution prior to the color developaent step.

The substrate electrode for these studies was uscally a gold disk
(area: 0.032:.2) that was lightly polished with 0.9n.1appinq cospound.
For some experisents the gold surface was amalgaeated by degosition of
sercury before applicaticn of the Nafion solution. Eguivalant results were

obtained with either electrode substrate.

RESULTS

Figure § demonstrates catalysis of the nitrate reduction at the
Nafion-~coated electrode. In Figure 1A is shown the cyclic voltaamograa of
the Co(IIf)-cyctam containing fila in contact with 1 H NadW; the 81/2 is o

T .“";--
-0.B34V vs S.C.E. In solution the Eo(lll}-cyclam species exhibits a quasi---

reversible one-electron wave at soaewhat more negative potential than is




seen for the Nafion file electrode. Furthermsore, in the Nafion filas the
anodic segment of the wave is considerabiely drawn-out, and as the
potential is cycled , the peak currents decrease due to loss of Co complex
to the soiution. However, the response for the cosplex in the fiims
persists for sany cycles (sore than 20) and the electrode remains active
for nitrate reduction. Electrodes could be easily reactivated siemply by
coating with a new aliquot of Cofl{lll)-cyclam containing Naficn.

(pK1 =2 2.9 and pK, = 7.20111) and the pH dependence of the E“2 of the

2
Col(JII/II)-cyclam couple in solution (£20 aV/pH for pH > ca. 7#, the

electrode reaction for the wave at ca. -0.8 V is written as follows.

0K OH,
NV N+ - N, b T N2

*Ca, + 2H0 + e — "~Co” + 2 OH (1)
N/la\N 2 - N/%\N

OH . OH

The dicationic nature of the product of thiS reaction favors retention of
the complex in the anion exchange Nafion fila. (Note that the -(CHz)n-
bridges aré omitted from the ligand structures in Egn L.}

Upon addition of low concentrations of nitrate to the NaDH sclution, a
nitrate dependent irreversible reduction wave appears at ca. -1.353 V. This
wave is shifted by 200 eV fros the position of the nitrate reduction wave
that appears just before the background reduction of water at an uamodified
aercury electrode in NaQH solutions. The wave is proportional to nitrate
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to 10 “K. At concentrations greater

toncentration over the range from 10
than :o'3n, the peak potential for this wave is strongly dependent on

nitrate, shifting to negative potential at &0 eV per decade change in the

NO3 coacentration.,

The cyclic voltammetry of solutions of nitrate and co({lll}-cyclam in

NaOH is similar to Fiqure 1. 1In solution we have confirmed the result of




Tanganuchi et al.[5)] that hydroxylaaine, a six-electron reduction product,
is the principal electrolysis product at mercury electrodes. (Tﬁe
mechanisa of the solution electrocatalyzed reduction of nitrate and nitrite
in NaOH is under study and will be reported separately.)

The Co(llI)-cyclam containing Nafion modified electrodes responded to
nitrite ions in a manper siailar to nitrate. Figure 2 shows cyclic
voltasmograss of NaNDz in 1 M NaOH obtained at a Nafion-Co-cyclaa sodified
electrode and Figure 3 shows the variation of the NO‘- (x =1 o0or 2)
reduction peak currents as a function of cancentration, The slopes of the
two lines in Figure 3 have the expected ratio for diffusion controlled
reduction of nitrate and aitrite to hydroxylaaine, six- and four-electron
reductions, respectively,

A notable feature of these voltaamograms of nitrite solutions is the
clear appearance_of an anodic wave at ca. -0.37V that appears to he due to
axidation of a nitrite reduction product. This wave is usually present in
the cyclic voliamasograms of nitrate as wetl, but it is larger and nore.
evident for nitrite. For both nitrate and nitrite the Co(II1/11) couple is
not significantly influenced by the additiaon of the substrate,

The peak at -0.37V is assigned to the oxidation of hyd(oxyla-ine based
on the cyclic voltamsogram shown in Figure 4, which was obtained at a |
Nafion-Colcyclam) nodified electrode in the presence of 1.0 x 10'2 ] annu.
Although there are small waves in this region believed to be due to small
equilibrius amounts of acidic Col(lIl/II) species, e.g.-Cos*/2+-cyclan, this
mave appears to be due to the direct oxidation of NHZGH at the electrode
surface., Interestingly, at high concentration of NH20H, there is a hint of

a seall wave at -1.35V which may be due to the electrocatalyzed reduction

of nitrite forsed in the oxidation. The wave at ~${.0V in the voltasacgraas




of the Nﬂzoﬂ solutions is also present at a bare Au surface and is assigned
to 3 hydroxylasine oxidation product. These peék poteatials and the cyclic
voltassetric behavior is consistent the work of Raa and Meites who reported
that the oxidation of HHZOH yielded NOH at aercury e}ectradestlZ].

As expected for an uncharged species, the hydroxylamsine oxidation
current is attenuated by the Nafion file., For equivalent concentrations
and the same sweep rate, the peak currents are in the approximate ratio of
1:0.06 at bare gold and Co-cyclae containing Nafion-ceated ele:trbdes,
respectively. This ratio is not reproducible with the fila casting
techniques eaployed, however, and aore careful experiments with Nafion
cocatings of controlled thickness are requifed hefore a cﬁnclusion can be
satde regarding a role for the €o-cyclas complex in the partitioning

process.
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A possible advantage of immobilizing the Co-cyclam catalyst in a
.Nafion fila electrade is that negatively charged interferences sight be
excluded fros the reaction site. An example is the chrosate dianion which
can oxidize intermediates and product; of the nitrate redu:tion process,
thereby thwarting the electrochesical destruction of nitrate. Accordingly,
the effect of chromate on the cyclic voltamaetry of nitrate at the Co-
cyclam Nafion electrode has been examined. The qualitative features of the
voltasaetry as they pertain to the nitrate reduction will be described
briefly.

At low chromate concentration, less than 0.02M, the cyclic

voltamapgraas of nitrate are not markedly iniluencedvhy thg addition of

Cr042'. Both the €o(I11/I1) wave and the nitrate reduction wave reseable

those in Figure 1. At higher concentrations, however, more coamplex




behavior is seen suggesting that chromate ion is not excluded froa the
sodified electrode interface. Figure 5 shows typical voltaamograms of the
chromate/nitrate mixtures in t M NaOH., In the absence of nitrate, Figure

3A, soae electrocatalysis of the chroaate reduction, i.e. Egn 2, is

CollIl) + e ,{—-_é.. Co(ll)

€2)
T Crﬂ"z- ‘

indicated by the increased cathodic peak current for the Co(IlI) reduction

and the (ip):/(i )3 peak current ratio greater than unity. Upon additian

p
of nitrate, the usual nitrate reduction and hydroxylamine oxidation waves

appear, and in addition at high pitrate concentration (Fig, 5C), the
Co(I1I/II} wave becomes dependent on the.nitrate concentration, This
result suggests that a reduced form of chromate generated in the diffusion
layer at -O.QV by reaction with Co(ll) can reduce nitrate ion.
Significantly, the voltasmogramas indicate that although the redox cbe-istry
is coaplex, nitrate is still reduced under voltammetric conditions in spite

of the presence of chrosate ion in solution,
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In strongly alkaline solution nitrate and nitrite ions are reduced to
hydroxylamine at Nafion file electrodes :ontaibing Col(lIl)-cyclam complex
ions. The presence of low concentrations of chromsate does nat change the
voltammsetric response suggesting that Crﬂ‘z- is excluded fros the catalytic
gsites in the Nafion film, At higher chromate concentrations, greater than
ca, 0.02M, complex redox cheaistry involving Co(il})-cyciam and

intermediates or products of the nitrate reduction becomes significant.
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FIGURE CAPTIONS

Fig. 1. £yclic Voltaemograms o Nafion/Co-cyclam Modified Electrodes in 1 M

NaOH; sweep rate, 20 oV 8 '; A~F: 0.10, 0.50, 1.0, 2.0, 3.0, 5.0 M NaNO;

5 = ljaﬂ(A-D), 2/;#(5), 2.5’4A(F).
fig. 2. Cyclic Voltamsegrams of Nafion/Co-cyclam Modified Electrodes in i M
NaOH; sweep rate, 20 aV s-lg A-E: 0.:0, 0.40, 0.70, 1.0, 5.0 aM NaNOZ; § =

S,AA(A°D3, QO,AA(E).

Fig. 3. Variation of Peak Currents with Concentration for Reduction of

HaNﬂs {(open circles) and NaNOz (sglid circles); sweep rate, 20 aV s-i;

Nafion/Co~cyclams Modified Electrode in { M NaOH.

Fig. 4. Cyclic Valtaamograms of Nafion/Co-cyclam Maodified Electrode in § M
=" -

NafH, 1.0 x 10 ° M NHZDH; sweep rate, 20 aV s l; 8 = %ﬁﬂﬂ-

Fig. 5. Cyclic Voltammograms of Nafiob/to-cyclan Modified Electrodes in

e I -
M NaOH, 0.04 N CFD4“ Solution; sweep rate, 20 aV s I; A-C: 0.40, 1.4, 2.8

ol NaNOs; A-€: S = 0.50, 1.00, 10.0/ptﬁ.
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