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INTRODUCTION

The recent discovery that the metal tungsten bronzes are extremely
versatile potentiometric~indicating electrodes for following acid-base
and redox titrations and for determining the concentration of certain
reducible metals initiated this study into the possible further uses of
tungsten bronze electrodes in analytical chemlstry,

These investigations led to two significant discoveries: the
ability of sodium tungsten bronze to act as a potentiometric-selective
electrode for dissolved oxygen in basic solution and as a potentlometrice-
indicating electrode for following chelometric titrations of a large
number of metals with EDTA in basic solution, These characteristics were
found to be unique to the cublic sodium tungsten bronzes among the highly
conducting alkall metal tungsten bronzes, Significant effort was directed
toward demonstrating the analytical applicabllity of these discoveries,

The mechanism for the response of the sodlum tungsten bronze to
dissolved oxygen and in the chelometric titrations was not at all obvious,
The extremely large response to oxygen (120 mV/decade instead of the
expected 15 or 30 mV/decade) and the ability to perform chelometric titra-
tions of nonreducible metals such as calcium made it impossible to explain
the response on the basis of simple redox reactions, An adsoxrption
mechanism involving the adsorption and displacement of hydroxide ions at
the electrode surface was first proposed on the basis of a number of early
observations, Subsequent observatlons however, which included voltammetric
studies of several tungsten bronze electrodes, provided extremely strong

evidence of a mixed-potential mechanism for the response of the sodium



tungsten bronze electrode in basic solution, The mixed potential
established at the sodium tungsten bronze electrode was found to be the
result of the spontaneous oxidation of the electrode surface to tungstate
by oxygen or other oxidizing agents, The oxygen response, the response
in chelometric titrations and a number of other intriguing observations

are explained by the mixed-potential mechanism,



THE TUNGSTEN BRONZES

The tungsten bronzes, due to their many unique and interesting
properties, have been the object of considerable physical and chemical
studies in the past four decades, They are nonstoichiometric metal-like
oxides containing tungsten and at least one other metallic element ‘
located at a different site in the crystal lattice than the tungsten
atom, The tungsten bronzes are not considered to be mixed oxides with
the second metal replacing a portion of the tungsten atoms but rather a
solid solutlon of tungstic oxide and the second metal which occupies
vacant interstices between interlocking HOB octahedra, When only one
other metal is present the general formula is represented by MxH03 in
which 0<x<d, Tungsten bronzes containing the alkali and alkaline earth
metals, lanthanum and other rare earths, aluminum, cobalt, nickel, copper,
zinc, gallium, silver, cadmium, indium, thallium, tin, lead, thorium, and
uranium have been reported (1-3), The concentration of the second metal
is continuously variable within definite ranges depending on its ionic
radius, its location in the crystal lattice and the overall structure of
the bronze, In addition to the metal tungsten bronzes, hydrogen and
ammonium tungsten bronzes have also been reported (4,5),

The first tungsten bronze reported was that of sodium, prepared by

whler (6) in 1823 by passing dry hydrogen over a molten mixture of Na, W0,

and WO, producing golden yellow crystals with a metallic appearance,

3
Potassium tungsten bronze was first prepared by Laurent (7) in 1838 by the

reduction of a szo,fwoB melt with hydrogen, First mention of the synthe-
sis of similar compounds contalining lithium and rubidium was made in the



early 1900's, Hallopeau (8) and Brunner {9) obtained dark blue crystals
of Lixwo3 by reducing paratungstate melts (Lizwoh-wo3) by electrolysis or
with tin metal, and Schaefer (10) prepared beW03 by reducing a Hb2003~
H2W04 melt with a hydrogen-methane gas mixture, Tungsten bronzes
containing metals other than the alkali metals and more than one other
metal have only recently been prepared and characterized,

For many years it was thought that these oxide bronzes were unique
to tungsten, However, investigations since the late 1940's have shown it
possible to prepare analogous bronzes of molybdenum, vanadium, niobium,
tantalum, titanium and rhenium having properties similar to those of the
tungsten bronzes, Several excellent review articles on the oxide bronzes
may be found in the recent literature (1-3),

Tungsten bronzes have been prepared by three methods; vapor phase
reaction of a metal vapor and W03 vapor, chemical reduction in a molten
nixture containing a salt of the secondary metal and tungstic oxide or
electrolytic reductlion at a platinum, tungsten or other electrode in a
similar melt,

The vapor phase reactlon is limited to metals appreciably volatile
at high temperatures, Excellent single crystals of Tlxwo3 were prepared
by Sienko (11, and Straumanis and Hsu (12) reported the production of

I.ixWO3 using this technique,

A number of investligators have prepared bronzes in the form of a
powder or small single crystals using a variety of chemical reductants,
Tungsten metal has been widely used in a molten mixture of WO3 and the
metal tungstate or oxide to produce Na.xwo3 (13-16) and a number of rare

earth tungsten bronzes (17,18), A typical reaction may be represented by



equation 1,
3xNa, WO, + (6-4;:)wo3 + XN —me> 6Na.xW03 (1)

Tungsten dioxide has also been widely used as the reduciné agent for the
production of alkali metal bronzes from MZO-WO3 melts (19), for the
production of Pb WO; from PbCO;-WO; and PbWO,-WO; melts (20), and for the
production of a number of alkall and alkaline earth and other tungsten

bronzes from a metal ha.lide--PIO3 melt (21).
MCL, + XWO, + W03 ——u-> M, WO; + xWO,CL, (2)

Other reducing agents have included hydrogen for the production of
tetragonal KbeO3 from K20-W03 melts and hexagonal beWO3 from Hbzo-w03
melts (19,22) and cubic sodium bronzes from Na.zwou-wos melts (23), Sn and
Zn metals for the production of alkali metal bronzes from similar melts
(19) and alkali azides for the production of alkall metal bronzes from
W03 melts at pressures of 100-3000 atm (24),

In the production of the tungsten bronzes by chemical reduction the
reaction generally proceeds at temperatures of 500-1000°C for periods of
time ranging from a few minutes to several days., Oxygen must be excluded
to avoid competing reactions and the reduction is performed either in a
vacuum or under an inert atmosphere (a.rgon). The final composition of the
bronze (x value) can be adjusted by varying the molar ratios of WOB and
the seccndary metal oxide or tungstate, Such reactions are generally far
from complete and the relationship between melt composition and final
bronze composition is at best very empirical,

The third and perhaps the most useful method of tungsten bronze



production is by electrolytic reduction in melts similar to those
described above, The primary advantage of the electrolytic method is
that large single crystals may be grown, Currents in the range of a few
tenths of a milliampere to several amperes with voltages up to 6 volts
have been employed to form and deposit the bronze at metal cathodes with
the evolution of oxygen at the anode (11,19,25-30). As in the case of
preparation by chemical reduction, melts are maintained at temperatures
of 500—1000°C and the final bronze composition is a function of the melt
composition, Electrolyses have been carried out for periods of time
ranging from a few hours to several days,

Only recently has the electrochemistry of this bronze preparative
technique been investigated, Fredlein and Damjanovic (31) studied the
deposition and dissolution of Nz;LzWO,_P-IiO3 melts and established from
voltamnetric curves that dissolution was not the simple reverse of deposi-~
tion, They further established that the composition of the bronze was
constant if deposited at a constant potential but that during dissolution,
the ratio of Na and W dissolution rates changed, Meites et al, (32)
studied the voltammetric behavior of Na, Ii and X tungstate and polytung-
state melts at Pt electrodes, From similar studies, Whittingham and
Huggins (33) proposed the following electrochemical reactions for the
production of MxHO from tungstate-tungstic oxide melts:

3
Anode reaction:

2- -1
4)0,%" —-om=>2W0 + 267 + 30, (3)

Cathode reaction:



2= - : 2- X-
Wp0p ™™ +xe  =====>TWO,"" + WOy )

Overall reaction (alkali metal):

2 (2;7") M,¥O0, Y40, >2 (2‘§;’W) M W0, + %MXWOB +0,
(5)

After preparation the bronzes are generally washed with boiling
water or alkall hydroxide solutions to remove tungstates and tungstic
oxide, It 1s also possible to alter the secondary metal content
(x value) of such bronzes after they have been prepared, This was demon-
strated by de Jong (34) as early as 1932 when he prepared tetragonal
"blue Na-W bronze" by reducing cubic Na.xwo3 with H2 or Zn, Straumanis
(13) also found it possible to remove sodium from Na,x‘IrIO3 with I, vapor
at 800°C, More recently, McNeill (15) and McNeill and Conroy (16)
prepared cubic Na WO, (x = 0,363, 0,291, 0,234) by mixing finely divided
stoichiometric amounts of Na.o‘ 693W03 and NOB for the desired final sodium
concentration and heating in a vacuum at 920°C for 9 days,

The characterization of the tungsten bronzes in terms of stoichi-
ometry and crystal structure, chemical properties, and electrical and
magnetic properties has been directed primarily toward the alkali metal
bronzes with the major emphasis on the sodium compounds, In the ea,rly
1930's de Jong (34,35) and Hagg (36,37) established on the basis of X-ray
measurements that the sodium tungsten bronzes could exist in the cubic
perovskite structure with W at the center of the cube, the oxygen atoms
arranged octahedrally at the face centers and the sodium atoms occupyling
a fraction of the interstitial sites at the cube corners, They also noted

the characteristic color change of the sodium tungsten bronzes from gold



through orange red and violet to blue as the sodium content decreased,
Hagg was the first to demonsirate that the various cubic sodium bronzes
were not separate compounds but a continuous series of solid solutions
of variable composition with an extended homogeneity range, He deter-
mined the lattice constants of these compounds and was the first to
observe the contraction of the lattice with decreasing sodium content,
De Jong also demonstrated a tetragonzl structure for a low concentration
sodium tungsten bronze,

The sodium tungsten bronzes are now known to exist in the cubic
structure for x values from approximately 0,3 to nearly 1.0 (16,19).
Brown and Banks (38) determined the relationship between the sodium
concentration and the cubic lattice constant to be a(f) = 0,0819x +
3,7846 by X-ray measurements coupled with chemical analysis, This linear
relationship was later confirmed by Reuland and Voigt (39) using neutron
activation analysis, The crystal structure of Na.xwo3 decreases in
symmetry as the sodium content decreases passing through two tetragonal
phases (0,05<x<0,4) to the momoclinic structure of w03 itself (1,19,40,41),

The other alkall metal tungsten bronges follow similar phase transi-
tions as the x value varies, mxw03 is observed to have similar
structures as its sodium analog, existing in the cubic form for 0,1<x<0,4
and a tetragonal form for 0,05<x<0,3 (19,29), Potassium bronzes may
exist in the cubic form for x ~ 0,9 (24), the tetragonal form for
0,40<x<0, 57 (1,19) and in a hexagonal form for x, approximately 0,3 (19,
42,43), Rubidium and cesium tungsten bronzes have oply been observed in
the hexagonal form with x approximately 0,3 (19,42,43),

Considerable interest in the bronzes has resulted from their



unusually low electrical resistivities typical of metals rather than metal
oxides, Resistivities of various tungsten bronzes have been determined by
a number of investigators and are summarized by Dickens and Whittingham .
(1), sienko (44) and Shanks et al, (45)., Resistivities for a number of
alkali tungsten bronzes (cubic sodium and lithium, tetragomal potassium
and sodiun) were found to range from about 20 ohm cm for x values of 0,9
to approximately 400 ohm cm for x values approaching 0,3 (45), The resis-
tivities of the bronzes rise linearly witl: temperature indicating metal-
like conduction and appear to be more a function of x‘va.lue rather than
the alkali metal or the crystal structure, At lower alkali metal concen-
tration (x<0,25) the resistivity of the tungsten bronzes is very much
larger and they are semiconductors,

Measurements of the Hall and Seebeck effects in the highly conduct-
ing bronzes has confirmed that one free electron exists per alkali metal
atomn (two for alkaline earth, three for rare earth) in the bronze lattice
and that the carrier mobility is comparable to that of free electrons in
the conduction band of typical metals (1,44-47), Magnetic measurements
on the cubic alkali metal tungsten bronzes has shown only a small tempera-
ture-~independent paramagnetism showing the absence of two isolated spin
states for tungsten (48), The old theory of the tungsten bronzes being
solid solutions containing tungsten in two oxldation states WVIO3 and
MWVOB) has thus given way to the theory that they are solutions of M in a
W03 matrix with the lonized secondary metal providing the free electrons
which are located in a delocalized conduction band (1),

Three models have been proposed concerning the origin of the conduct-~
tion band, Mackintosh (49) and Fuchs (50) considered that the conduction
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band results from direct overlap of the alkali metal 3p orbitals while
Sienko (44) proposed that the band results only from W-W bonding via
direct overlap of the W 5d(t2g) orbitals, Two observations placed serious
doubt on the Mackintosh-Fuchs model (1), Nuclear magnetic resonance mea-
surements showed no significant 3p character of the conduction band, and
ReO3 which is isoelectric with Na.:,_.OWO3 exhibits metallic conductivity
without any alkali metal present, The third model, proposed by Goodenough
and coworkers (51-53), refines that of Sienko by mixing oxygen pm orbitals
with tungsten t, orbitals, This model was based on the observation that

28

SrzMgReos, acompound with the necessary symmetry for RHe (tzg) overlap but
not for Re (tzg)-o(prr) overlap, showed only semiconducting properties,

The tungsten bronzes are insoluble in water and are extremely resistant
toward acids developing an insoluble surface film of tungstic acid,
I‘Ia.xwo3 is insoluble in basic solution in the absence of oxidizing agents
but dissolves slowly with the formation of tungstate in the presence of
oxygen and rapidly in the presence of sodium peroxide .(12. 13), Ammoniacal
silver nitrate also oxidizes Na.xWO3 with the spontaneous plating of metallic
silver and the formation of W042-. Other tungsten bronzes including L:i.xln'O3
and mixed LixNa. WO3 appear much more resistant toward oxidation, They are
not attacked by hot, concentrated base in the presence of oxygen (54&),

Much of the practical interest in the tungsten bronzes has been
concerned with their cataljtic activity in gas phase reactions and their
electrocatalytic activity as electrodes in aqueous solution, The sodium
tungsten bronzes have been demonstrated to catalyze the decomposition of
formic aclid at high temperature (14), the ortho~para hydrogzen conversion

and hydrogen-deuterium exchange in the gas phase ( 55), Their catalytic
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activity for the dehydration of certain alcohols however, was shown to
be very amall (56 ). As electrodes in electrolytic cells the sodium
tungsten bronzes were found to catalyze the evolutlon of hydrogen in acid
solution (57), the oxidation of carbon monoxide and reformer gas (78% H,,
2% €0, 20% 002) in acid electrolyte fuel cells (58), and the reduction of
oxygen in acid solution (59-70),

In the past decade there has been considerable interest in the
ability of the bronzes to catalyze the reduction of oxygen, perhaps to
serve as an economically feasible oxygen electrode in fuel cells, Their
high ccnductivity, resistance to attack, and low cost compared to the
noble metal catalysts were certainly in their favor, Early studies by
Damjanovic, Sepa and Bockris (59,60) showed Fa W0 to be almost as good
as platinum (the best catalyst known) for catalyzing the reduction of 0,
in acid solution, More recent investigations however, have demonstrated
this catalytic activity to be due to trace platinum impurities incorpora-
ted in the bronzes duxring their preparation by electrolysis on Pt cathodes
(62,64-66,68,70), Bockris and McHardy (70) have quantitatively evaluated
the influence of Pt and other dopants on the catalytic effect of the
sodium tungsten bronzes and proposed models for the increased activity,

The tungsten and other <i.ansition metal bronzes have been found to
act as potentiometric-indicating electrodes for a number of electroactive
species, Koksharov and Ust-Kachkinsev found the cubic sodium tungsten
bronzes (71) and the strontium niobium bronzes (72) to have linear
potentiometric response to pH over a wide interval (pH 0-14) with slopes
of response (AE/APH) of 58 mV for Na, W03 and 40-50 mV for the strontium

niobium bronze, They demonstrated the utility of these electrodes for
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acid~base titrations in both aqueous and alcoholic solution and in the
presence of oxidizing (Mnof") and reducing (Fe(II)) agents which
appeared to have little effect on the potential developed at the bronze
electrode, The same authors found only minimal pH response for tetra-
gonal Na.xwo3 (71) and for copper and silver vanadium bronzes (73).
Wechter et al, (74) recently demonstrated the pH response of the cubic
Na.:n:wo3 electrode and the ability to perform aclid-base titrations in

aqueous and non aqueous systems,

The inability of the bronzes to respond to oxidizing and reducing
agents has, however, been discredited by two groups of investigators,
Weser and Pungor (75) demonstrated that cubic NaxWO3 and ReO3 electrodes
exhibited a potentiometric response similar to that of platinum for the
Fe(II)-Fe(III) and the ferro-ferricyanide redox couples in acid solution,
Wechter et al, (74) showed the Na.xwo3 electrode to respond to both the
Fe(II)-Fe(III) and the Ce(IV)-Ce(III) redox couples by titrating Fe(II)
with Ce(IV) in acid solution, In this titration the bronze electrode
response was found to lag slightly behind that of a platinum electrode
affording the opportunity to directly obtain an excellent first derivative
titration curve 1f the potential between a bronze and Pt electrode is
monitored,

Wechter et al, also demonstrated the ability of the Na.xwo3 electrode
to function as a potentiometric-indicating electrode for a number of
easily reducible metals in acid solution, Nernstian response was found for
Ag(I) (60 mv/decade), Hg(II) and Cu(II) (3C mV/decade) for concentrations

ranging from 1071 to nearly 10'7}1.
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EXPERTMENTAL

Materials and Apparatus

Crystals of the alkall metal tungsten bronzes, MxHOB, used for
electrodes were grown by the electrolysis of a melt of the metal
tungstate (uzwoh) and tungstic oxide (WOB) (26,27). After preparation
they were washed with dilute NaOH and deionized water to remove any
tungstate or tungstic oxide adhering to the surface, The metal content
or the x value of the bronzes had been previously determined by activation
analysis, the measurement of lattice parameters (39, 76,77), or by estima-
tion on the basis of the electrolytic melt composition during preparation,

Individual electrodes were prepared from pleces either cut with a
diamond saw or chipped from larger single crystals of bronze, The crystals
which were cut had smooth flat surfaces, while those chipped from the
parent crystal had jagged uneven surfaces, One series of sodium tungsten
bronzes was annealed at 650°C in an argon atmosphere for several days and
cooled at a rate of 50°C/hr to achleve a greater degree of homogeneity,

The electrodes themselves were prepared by cementing the crystals to
glass tubing with epoxy compound and making electrical contact through a
mercury pool to a copper wire (Figure 1), The electrical resistance of
each electrode was checked with an ohmmeter; those exhibiting a resistance
greater than 1-2 ohms were not used, The exposed surface areas of the
bronze electrodes were estimated to vary between 0,05 and 0,2 cmz. Table
1 lists the characteristics of the tungsten bronze electrodes used in this
investigation,

All solutions used in this study were prepared from reagent grade
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Figure 1, The tungsten bronze electrode
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Table 1, Characteristics of the tungsten bronze electrodes

Crystal
Electrode x value structure Remarks
Na.xwo3 0,507 cubic chipped
Na_ H03 0,626 cubic chipped
Na WO, 0,65 cubic cut (4xtix2mm),
aunealed
Na, WO, 0,718 cubic chipped
N:a,xwo3 0.81 cubic chipped
Na.xiu'o3 0,907 cubic chipped
Lixwo3 0.35 cubic chipped
wa03 0.3 hexagonal chipped
wa03 0.5 tetragonal chipped
Hb xw03 0.3 hexagonal chipped
CstO3 0.3 hexagonal chipped

chemicals and deionized water; no attempt was made to prepare carbonate-free
basic solutions, Gases used for oxygen equilibration were dry 99,995%
nitrogen and 99,6% oxygen, Matheson "Zero" grade air, and specific oxygen-
nitrogen gas mixtures (10,12, 3,27, 0.99, 0,35 and 0,10% 0, by volume )
prepared and analyzed (% 2 relative percent) by Matheson Gas Products,
Potentiometric measurements were made with Beckman Zeromatic SS-3 or
H-5 pH meters or a Keithley Model 640 vibrating capacitor electrometer,
The output from these was fed into a Sargent Model MR recorder to monitor

electrode response as a function of time, All potential measurements
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were made vs, a Beckman saturated calomel reference electrode,
Voltammetric studies of the tungsten bronze electrodes were performed
with a Leeds and Northrup Electro-Chemograph Model E polaragraph, A
large surface area saturated calomel electrode (78) was used as the

reference electrode in these studies,

Procedures
Dissolved oxygen measurement

The potentiometric response to dissolved oxygen was determined in
pH 9.2 (0, 0246M Na.ZBuO?, 0, 0018M NaOH), pH 10,5 (0,0172M Nazsuo,?,
0,031M NaOH), and pH i2,0 (0,161M XC1, 0,0387M NaOH, O,5mM EDTA) buffer
solutions (79) and in 0,1M KOH-1,0mM EDTA,

Three separate techniques were employed to establish or indepen-
dently measure the concentraticen of dissolved oxygen in these solutions,
The first was by mixing varying volumes of nitrogen-saturated and oxygen-
saturated solutions and calculating the relative oxygen concentration on
the basis of the volumes, assuming no loss of dissolved gases upon mixing,

In the second, air and nitrogen were purged into solution at varying
rates and the dissolved oxygen was determined voltammetrically with a
rotating platinum disc electrode (80), In this method the dissolved
oxygen concentration was calculated from the observed diffusion limited

current for the 2H,0 + 0, + e~ ae—-w> 4OH  reaction {Equation 6).

i
c = L 6)

0.62 n F(m2) 17/3 L1/2,-1/6

In this equation C is the concentration in moles/liter, ‘11 the limiting
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current in mA, n the number of electrons involved in the redox reaction,
111'2 the area of the electrode (0,470 cmz), D the diffusion coefficient
for O, in aqueous solution (2.6 X 1072 cmz/sec) (81), w the angular
velocity of the rotating electrode (168 radians/sec), and v tﬁe kinematic
viscosity of the solution (0,01002 poise) (79).

The third technique made use of the pis~mixed Nz- , gases described
above to establish the oxygen concentration, This technique was used in
most of the experiments because it was much easier than the other two and
provided much better stability in oxygen concentration over long periods
of time,

The oxygen concentrations in the solutions may be calculated assuming
Henry's law, The effect of KOH on the solubility of oxygen has been

determined by Davis et el, (82) who found the relation
log s = log 1,26 X 107> - 0,1746 M (7)

between the solubility of oxygen, s, in moles per liter and the KOH
concentration, M, also in moles per liter at 25°C. Calculated values of
the oxygen concentrations in the solution used in most of the measurements,
0.1M KOH - imM EDTA, are given in Table 2, The effect of 0,1M KOH is to
reduce the solubility from that in pure water by about 4%, Except for
the oxygen and air there is an uncertainty of 32% in these values based
on the anglyses provided with the gas mixtures,

All potentiometrj:c measuréments were performed in a rapidly stirred
solution after the electrode was allowed to equilibrate for 2-10 minutes,
When the equilibrating gases were used the temperature of the solutlion was

controlled within a few tenths of a degree with a constant temperature bath,
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Table 2, Calculated oxygen concentrations in 0,1M KOH-1mM EDTA at 25°C
as a function of equilibrating gas

Equilibrating gas 02 Concentration
volume % 0, M ppR
100 (0,) 1,21 X 1073 38,7
20,9 (air) 2,53 x 107% 8,10
10,12 1,23 x 10°% 3,94
3.27 3.9 X 107 1,27
. 0,99 1,20 X 10~ 0.384
0.35 4,24 X 1070 0.136
0.10 1.21 x 1070 0,039

The potentiometric response to dissolved oxygen was also determined
in several flow-through systems having the basic design illustrated in
Figure 2, The sample solution equilibrated with one of the gas mixtures,
and the deoxygenated KOH-EDTA reagent solution were simultaneously intro-
duced into a mixing chamber and allowed to flow sequentially past the
bronze and saturated calomel reference electrodes, The sample solution
was introduced by gravity at a rate of 2-5 times that of the reagent
solution which was introduced either by gravity or under 1-2 lb/:!.n2

nitrogen pressure,

Chelometric titrations

-1

Chelometric titrations were performed with 10 -, 10-2, or 107M

disodium EDTA solutions in either 1M NHI.;OH or a pH 10 buffer solution
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(0,16M NH,OH, 0.025M NH401). The metal solutions used in the quantita-
tive determinations (Mg, Zn, Cu, and Fe) were made by dissolving a
precisely weighed quantity of metal in a minimum volume of 6N HHO3 and
diluting to 0,1M with deionized water, The EDTA solutions used in the
quantitative measurements were standardized potentiometrically using a
WO, electrode against a calcium solution prepared by dissolving

Nao.65%%3
dried CaCO, in 2 minimum of HNO,, The other metal solutlons, used

3 3
primarily to determine the general shapes of the titration curves, were
made by dissolving the appropriate reagent grade chemical in deionized
water,

All titrations were pexformed in 100-150 ml of solution which was
stirred magnetically, The potential between the bronze and SCE electrodes
was monitored as a function of the titrant volume, Equivalence points in
the quantitative measurements were determined by the second derivative
method,

The simultaneous titration of Ca.2+ and Hg2+ was performed by first
adjusting the pH to greater than 13 with 8M NaOH to precipitate Mg(OH)z
and titrating for the Ca2+ end point, The precipitate was then dissolved

with 6M HCl, the solution buffered to pH 10 and titrated to the Ca.2+ +

Mgz+ end point,

In the reverse titrations, excess EDTA was added to the solution

containing the metal ion and the excess EDTA was titrated with a 0,1M C:a,Cl2

solution,

The Fe(III) titration differed from the others in that it was per-

formed in acid solution (pH 2-3),
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Metal ion response

The potentiometric response of the various bronze electrodes to a
number of metals was determined in 1M NH40H solution, In these measure-
ments 51 to 10 ml aliquots of the 0,01 or O; iM metal solu'!:ion ‘were
diluted to 100-200 ml establishing formal concentrations in the range of

1076 t0 1072M, As in the case of the chelometric titrations all solutions

were stirred magnetically,

Voltammetric studies

Voltammetric curves were cbtained for the bronze electrodes using an
assembly to rotate the electrode at a speed of 300 rpm, The voltage
between the bronze electrode and the large area SCE electrode was scanned
at a rate of 0,200 V/min, Voltage scans were generally carried out in
both directions (+ to - and - to +) for each individual sitmation to check
for significant differences in the polarization curves, The current was
nonitored in the =50 1A (anodic) to +50u A (cathodic) range as a function
of potential, As described earlier, the oxygen concentrations of the
solutions were established by purging nitrogen, oxygenm or one of the pre-

mixed gas mixtures into the system,
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RESULTS AND DISCUSSION

Potentiometric Response of Cubic Naxw03 to Dissolved Oxygen

Cubic sodium tungsten bronze 0, 5<x<0,S was found to have a remarka-
ble potenti-~metric response to dissolved oxygen in basic solution (pB>12),
Potential shifts as large as 500-550 mV were observed upon transferring
Na.xwo3 electrodes between oxygen-saturated and oxygen-free (nitrogen-
saturated) solutions, Figure 3 illustrates this response in 0,1M KOH-
imM EDTA for several x values as a function of time after transfer, The
potentiometric response to dissolved oxygen was found to be Nernstian-like
over a concentration range of approximately two orders of magnitude from

P. = 0,209, C. = 8,3 ppm (air saturation) to P, = 0,0035, C, = 0,14 ppm or
O2 02 02 O2

lower, Analytically useful response extended from oxygen saturation

(C, = 39 ppm) to Py = 0,001 atm (0,04 ppm), The slopes of potential-logC,
2 2 2

plots at 25°, Figures 4-6, are extremely large at pH 12-13, ranging from
90 to more than 150 mV/decade, Figure 4 illustrates the response of two
Na.o. 63HO3 and two Nao' 81W3 electrodes to dissolved oxygen in a pH 12
solution as determined using the dilution technique, Figure 5 illustrates
the response of a Na.o' 71?03 electrode at pH 12,0, 10,5 and 9,2 as a
function of oxygen concentration measured independently by voltammetry,
A typical response curve for an annealed flat-surfaced crystal (x = 0,65)
in 0,1M KOH-imM EDTA using the premixed gases to establish the 02 concen-
tration is shown in Figure 6,

A series of time response curves for a Nao. 65w03 electrode at
different oxygen concentrations is shown in Figure 7, In this study the

electrode was transferred from an air saturated KOH solution into one of
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lower 02 concentration equilibrated with one of the premixed NZ- , gases,

At the higher 0, concentrations (Po >0,01 atm) a stable potential was
2

reached in 2-3 minutes but at lower concentration significantly longer
time was required and a minimum was observed before the equilibrium
potential was reached, Consistent and rapid stirring was found to be an
essential factor both in maintaining a stable potential at a given 02
concentration and in obtaining linear potential vs, log-C calibration
plots, The bronze electrode potential in unstirred solutions drifted in
a negative direction, and in very dilute oxygen solutions the potential
stabilized at a value corresponding to a completsly deoxygenated system
indicating a depletion of oxygen in the vicinity of the electrode surface,
Varlations in the slopes of the response curves and the potential
established in an a.j.z\-sa.turated solution (referred to as the "air
potential™) were found to be considerable, These variations were apparent
not only between cubic sodium tungsten bronzes of differing x values but
also between electrodes cut or chipped from the same parent crystal, In
fact, the day-to-day response of a given electrode could exhibit variations
as wide as those between electrodes of different x values, As an example,
a Na.o' 65“03 electrode exhibited response slopes of 163, 116, 131 and 105
mV/decade over a three day period, The corresponding potentials in air-
saturated solution were 641, 701, 702 and 678 mV, These variations are
considered to be due to changes in the bronze surface characteristics from
repeated contact with the basic solutions, Visible etching and pitting of
the electrode surface was generally encountered after prolonged use,
Somewhat less electrode to electrode variability was encountered
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with a series of electrodes which had been annealed at 650°C in an argen
atmosphere to insure homogeneity and cut with flat regular surfaces, A
comparison between these and a serles of non annealed crystals with

irregular surfaces is shown in Table 3, The only apparent difference

Table 3, Comparison of electrode variability

Annealed, Not annealed,
flat surface irregular surface
x value 0.65 0.63
No, of electrodes 16 8
No, of observations 20 15
Average alr potential (aV) -695 + 222 ~712 + 42
Average slope (mV/decade) 120 + 13 124 + 14

20ne standard deviation

in this comparison was the significantly lower variability of the air
potential for the annealed, flat-surfaced electrodes, The annealed, flat-
surfaced electrodes, moreover, were found to respond more rapidly to a
change in 02 corncentration and Nernstian-like response generally extended
{0 lower oxygen concentration,

Sodium tungsten bronzes having x values in the range 0,60-0,70
appeared to show the best response to dissolved oxygen, Electrodes of
lower x value (0,5) usually responded extremely slowly and for those of

higher x value (0,8) the calibration plots were often nonlinear,
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The addition of EDTA at a concentration of 0,5 to imM was found to
be necessary to complex traces of easily reducible metals which inter-
fere with the oxygen response, Without the EDTA, the response would
hardly extend to 1 ppm dissolved oxygen, Figure 8 shows the response of
a Na.o.62WO3 electrode when transferred between 02-satura.ted and Oz-free
0,1M KOH solutions, illustrating the effect of EDTA at a concentration of
imM, The EDTA extended the potentiometric range approximately 200 mV
which corresponds to a factor of nearly 40 in oxygen concentraticn,

The temperature coefficient, dE/dT, for an annealed flat-surface

Nag g0 electrode in 0,1M XOH-1mM EDIA at P, = 0,0327 atm (3.9 X 10™M
. >

dissolved 02) was found to be -7,04 mV/° C over a temperature range of
3-35°C (Figure 9). Only a small portion (~0,98 mV/°C) of this temperature
coefficient may be attributed to the change in oxygen solubility as a

function of temperature, This value was estimated from the expression
Oginglﬂ' (d 33.;5 a.i)

in which T is the temperature, n a constant depending on the slope of
potentiometric response, and a, the activity of the dissolved oxygen (83).
Based on the observed 120 mV/decade oxygen response 0,5 was chosen for n,
The value for d(log a, )/4T was calculated from oxygen solubilities at
20°C and 30°C, 43,39 and 35.88 ppm respectively (8%),

Analytically useful dissolved oxygen response was limited to strongly
basic solution, At pH 10,5 or less, the response deteriorated and the
potential-log C relationship became nonlinear (Figure 5), In acid
solution (0,1M HClOu) only minimal response was observed (20-30 mV/decade)

for 0,01 a.tm<Po<1 atm, Potassium hydroxide solutions appeared superior
2
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to both NaOH and IiOH, The electrode response in NaOH was often found

to be sluggish and the linear dependence did not extend to as low oxygen
concentrations as in KOH, In IiOH little response to dissolved oxygen

was found for electrodes having x values of 0,6 or less (compare Figures 3

and 10),

Application of the Na.xwo3 Electrode
to the Determination of Dissolved Oxygen

The cubic sodium tungsten bronze electrode was found to perform very
well as & selective-potentiometric electrode for the determination of
dissolved oxygen in basic solution, The results of 20 series of analyses
using 16 annealed, flat-surface Nao.,é 5"03 electrodes are presented in
Table 4, For each series the electrode potentials were measured in
0,1M KOH~-imM EDTA saturated sequentially with the Nz- , &as mixtures listed
in Table 2, The potentials established in air-saturated and 0,99% satu-
rated solutions were used to provide a two-point calibration of the form,
log C = m(mV) + constant, from which the partial 0, pressures of the other
four gases were determined,

Analyses at 10,12 and 3,27% oxygen partial pressure exhibited no
systematic error and had relative standard deviations of approximately
+5%, Analyses at 0,35 and 0,10% appeared to be systematically low with
deviations of 14 and 21% from the reported value and relative standard
deviations of similar magnitude, Significant improvement in accuracy in
this lower concentration range was achieved when calibrations were made
at the same order of magnitude as the unknown, Also presented in Table 4
are the results of the analyses performed on the 0,35% O2 gas mixture when
the two-point calibration was done with the 0,99 and 0,10% 0, gas mixtures,
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Table 4, Results of oxygen determinations using the Na, 65H°3 electrode

Measured 02 partial pressure
AMr Slo (% 0, saturated)

Electrode Date potential (mV) (mV/degea,de) 10,12% 3.27% 0,35 0,10% 0,35°
680 7/26 -689 119 9,76 3.40 0,295 0, 068 0,351
681 7/26 -689 105 9. 54 3.21 0,306 0, 087 0,328
681 7/27 -718 116 9,81 3.55 0,295 0, 081 0,327
682 /26 -690 118 9,95 3.30 0,286 0,072 0,335
683 7/26 -705 110 10,07 3,06 0,283 0,106 0,305
685 7/26 -678 118 10,91 3.22 0,317 0,092 0,330
686 7/27 ~700 123 10,91 3,22 0,281 0,072 0, 329
690 8/03 -698 116 10,05 3.73 0,397 0, 061 0, 469
690 8/03 ~708 126 10,80 3.50 0,303 0, 064 0,367
690 8/ol -711 117 9,85 3,27 0,255°  0,029° -

8Calibration at 20,9 and 0, 99% 0, partial pressure

bCzs,l:l.?bra.tfl.on at 0,99 and 0,10% 0, partial pressure

CResult discarded from statistical analysis

19



Table 4, (Continued)

Measured 02 partial pressure
(% 0, saturated)

Electrode Date potggial (mV) (nv%:zeade) 10,12 3.27% 0,35 0,10% 0,35
691 8/04 ~717 159 9,65 3,05 0,384 0,108 0,371
691 8/08 -661 131 9,76 3.25 0,253 0,067 0,310
692 8/08 -622 9% 9,81 3.12 0,323 0,077 0,363
693 8/07 -695 133 9,88 3,36 0,283 0, 086 0,305
694 8/07 -678 128 9,84 3,24 0,258 0,065 0,319
695 8/07 =712 111 9,55 3,04 0,425°  0,272° -
696 8/07 -717 123 10.73 3,69 0,298 0, 065 0,361
697 8/07 -700 108 9,86 3,23 0,273 0,084 0,308
698 8/08 -696 112 10,26 3,50 0,249 0,053 0,335
699 8/07 =707 119 10,14 3,40 0,325 0,103 0,321

Average -694,7 119,5 10,056 3,317 0,301 0,078 0,341
1 std, deviation +22,3 +12,9 40,439 40,199 40,039 40,016 +0, 038

(b u%)  (6,0%) (13.1%) (20,7%) (11,3%)

9t
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The systematic error was reduced from 14 to 2,5 per cent but the
praclision of analysis was not significantly improved,

The wide variation in response slopes between electrodes had 1little
or no bearing on the success of an oxygen determination; results were
similar forelectrodes 691 and 692 with slopes of 159 and 9% mV/decade as
well as f&r electrodes having intermediate values, The variability of
the response of a given electrode over a period of time, however, could
cause considerable analytical erroxr if the electrode was not calibrated
soon after sample measurement, The effects of temperature variation and
stirring have already been discussed, and a successful analysis would
also depend upon the control of these variables,

Excellent oxygen response was also obtalned in both tap water and
lake water when adjusted to 0.iM in KOH and imM in EDTA (Figure 11), The
impurities normally found in such samples are not expected to cause any
problems in the determination of dissolved oxygen, Calcium and Fe(III)
at concentrations below that of the EDTA (imM) cause little interference
in the oxygen response, The only effect noted was a slight shift in
potential in the positive direction (Figures i2 and 13), The oxygen
calibration curves remained linear for 0,001 atm<P0£<0.10 atm, At calcium
concentrations in excess of that of the EDTA however, an excessive positive
shift was noted and the calibration curve lost its linearity, This shift
is not considered to be due to the calcium ior itself but to the reaction
of calcium with the EDTA thereby decreasing its concentration to a level
insufficient to adequately chelate traces of reducible metals which cause
the shift, Increasing the EDTA concentration above that of the Ca2+

should eliminate this problem, Copper(II) and silver(I) were found to
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interfere much more seriously (Figures 14 and 15), As little as
0,03mM Cu(IT) caused enough positive potential shift to destroy the
linearity of response below PO = 0,01 atm, The oxygen response above

2

P, = 0,01 atm however, was not seriously affected at copper concentra-

0

tions below 0,02mM, Trace silver (0,008mM) resulted in very large
positive potentlial shifts and non-linear response and actually enhanced
the oxygen response from approximately 120 mV/decade to 150-220 mV/decads,
Visible deposits of metallic silver were observed on the Na,xHO3 electrode,
and the radical change in oxygen response is attributed to the subsequent
change in the electrode surface characteristies,

The application of the NaxH03 electrode for the determination of
dissolved oxygen in a flow-through system was demonstrated using several
modifications of the apparatus shown in Figure 2, System specifications
are listed in Table 5 and the dissolved oxygen responses are illustrated
in Figure 16, Iinear calibration curves with slopes between 100-130
mv/dgcade were generally realized for 0,01 a.tm<902<o. 209 atm, The
10° cm/min linear flow past the bronze electrode appeared to provide
sufficient agitation to establish a potential representative of the oxygen
concentration, Attempts to measure dissolved oxygen below P02 = 0,01 atm

however, were generally unsuccessful, probably due to the diffusion of

atmospheric oxygen into the system, Improved system design should correct

this limitation,
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Table 5, Flow-through system specifications

Flow rate (ml/min) Mixing chamber ILinear flow past
System  Reagent Reagent Sample volume (ml) electrode (cm/min)

1M KOH a |
I L Onlt BITA 10 20 30 10°
1M KOH a
IT oo B0 10 20 10 10°
0. 5M KOH b 3
ITI 2 BOTA 13 47 1 10

aGra.vity feed

bPressure feed

Response of Other Tungsten Bronzes
to Dissolved Oxygen
The excellent oxygen response appears quite unique to the cubic
sodium tungsten bronzes, The dissolved ocxygen responses of a number of
other highly conducting alkall metal tungsten bronzes in 0,1M KOH-imM EDTA
are presented in Figure 17, Iittle or no response was observed for the
hexagonal potassium and rubidium tungsten bronzes, Tiie response of cubic
1ithium bronze was marginal (=30 mV/decade) while significant responses
were observed for tetragonal potassium bronze, (Ko' 5WOB), (=70 nV/decade)
and hexagonal cesium bronze (=80 mV/decade), These responses were much
inferior to that of the cublc sodium tungsten bronze, They wers extremely

slow, much less reproducible, and exhibited nonlinear potentiai-log C

relationships,
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Application of the Na.xWO3 Electrode
in Chelometric Titrations

The large negative potential shift observed foxr the Naxwo3 electrode
when EDTA was added to 0,1M KOH (Figure 8) suggested the possibility of
using the electrode to potentiometrically detect the end point in metal-
EDTA titrations in basic solutlion, Titrations involving a numbexr of
metals with high metal-EDTA stability constants were performed in 0,1 to
1M NH, OH (pH 10-11) and potentiometrically followed with a Nag ¢ 5H03
electrode, Ammonium hydroxide was chosen as the titration medium over
an alkali metal hydroxide in view of the increased solubility of a number
of metal salts,

Direct titrations of Ca and Mg at pH 10 (0,16M NH,,0H-0, O3M NHuCI)
are shown in Figures 18 and 19, End point-potential shifts of -50 to
=100 mV were realized when 2,5 millimoles of metal were titrated with
0,iM EDTA, Analytically useful curves were obtained for as little as 0,01
millimole of metal when titrated with 107 M EDTA, It was also found
possible to accurately determine both calcium and magnesium in a2 mixture
by titrating for Ca at pH 13 where Mg was precipitated as the hydroxide
and then titrating for Ca + Mg at pH 10 where Mg is soluble, Figure 20
1llustrates this titration curve, Excellent titration curves were also
obtained for Ni(II), Mn(II), Cu(II), Cd(II) and Co(II) in ammoniacal
solution (Figures 21-23),

Back titrations of excess EDTA with calcium gave extremely good
potentiometric end points when monitored with a Nao. 65w03 electrode
(Figures 22-25), Reverse titrations involving Zn(II) and Pb(II) exhibited

significantly sharper potential breaks at the end point than the corres-
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ponding direct titration, The poor end points in the direct titrations
of these metals are probably a result of slow reactions between the EDTA
and the Pb(OH)2 precipitate or the strong Zn(NI-I3 )42+ complex which exists
before the equivalence point, Aluminum(III) is an extreme example, No
potential shift was detected at the expected equlvalence point in either
the direct or indirect titration, The shift was observed at the first
minute addition of EDTA indicating essentially no reaction between
A1(III) and EDTA at pH 10,

The titration of Cu(II) was unique, An extremely large potential
shift of 300-400 mV was observed at and near the equlivalence peint instead
of the usual 50-150 mV shift experienced with the other metals, Subse-
quent investigations showed the potentiometric response of the Na0. 6 5W03
and other cubic sodium tungsten bronzes to Cu(II) to be extremely large

(55-125 mV/decade) in ammoniacal solution (Figure 26), The Cu(II)

é

response extended down to a formal concentration of 107 M or lower suggest-

ing that trace copper may act as a redox indicator in the titration of the
other metals, A direct correlation was noted between the copper response
of a given electrcde and the size of the potential break in a calcium titra-
tion (Figure 27), Low x value Na.xwo3 electrodes which exhibited the largest
copper response (125 mV/decade) gave potential breaks of approximately
160-170 mV while higher x value electrodes with lower copper response
(55-75 mV/decade) gave potentlal breaks of 130-135 mV in identical calcium
titrations,

Further evidence that copper may be acting as a redox indicator in
the chelometric titrations of other metals was demonstrated in the signif-

icantly larger potential breaks obtained when Cu(II) was added to the
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titration mixture, Figure 28 presents curves for the titration of

1 millimole of Ca.2+ with O0,1M EDTA and 0,3 millimole of EDTA with

0.1M Ca.2+ at zero and 5 X 10'514 added copper concentrations, The
additlonal copper was found to nearly double the potential break at the
end point in such titrationms,

If trace copper is acting as a redox indicator in these titrationms,
it is doing so at extremely low concentrations, A colorimetric method
enploying bathocuproine (85) was used to analyze the deionized water
and the Ca.Clz, NH40H and EDTA reagents for copper, The EDTA was first
wot ashed with nitric and perchloric acids, Results of these analyses
gave an upper limit of 1 to 5 X 10'7M for the copper concentration in the
titration solution,

As in the case of the oxygen response, the cubic sodium tungsten
bronzes were found to perform significantly better than other alkali
metal tungsten bronzes in chelometric titrations, Figure 29 1llustrates
poctentiometric titrations of 1 millimole of Ca.2+ with O,1iM EDTA in
iM NHZ‘_OH using hexagonal Rb, K, and Cs, cublic Ii, and tetragonal K
tungsten bronze electrodes, These electrodes were also found to have a
much lower response to Cu(II) (30-40 mV/decade) than the cubic sodium
tungsten bronzes (Figure 30), consistent with the previously discussed
correlation between the titration potential break and the Cu(II) response,

The unique properties of cubic Nza.xw'o3 are further emphasized when
compared to some common metals as indicating electrodes, Potentiometric
titrations of calcium with EDTA using Pt, Cu and W as the indicating
electrodes are illustrated in Figure 31, Potential breaks using these

metals were much smaller, 10-30 mV, and generally much less sharp than the
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breaks obtained at the same concentration of reagents with NaxWOB.

In acid solution the response of the Na xH03 electrode was typlical
of a highly conducting inert electrode, The titration of approximately
2.5 millimoles of Fe(III) with 0,1M EDTA at pH 2-3 is presented in Figure
32, The large potential change (at positive potential) reflects the
change in the concentration ratio of the Fe(III)/Fe(II) redox couple
and is much like that obtained with a platinum-indicating electrode (78).

Quantitative results from a number of titrations described in this

section are presented in Table 6, All titrations were performed with an

annealed, flat-surface cublc Na,O 6 5w03 ‘indicating electrode and a SCE

reference electrode, End points were determined by the second derivative

method, Excellent agreement is seen between quantities taken and the
measured value for even the most dilute titrations where 0,01 millimole
of metal was titrated with 10'3M EDTA, Excellent results were also

obtained for the simultaneous titration of Ca and Mg .in a mixture and for

Pb(II) by reverse titrationm,

Mechanism of Response

The extremely large oxygen response (120 mV/decade) made it appear
doubtful that simple oxygen redox reactions played a major role in the
response, The reduction of 02 to OH or }-120 requires four electrons per
molecule predicting a 15 mV/decade response slope by the Nernst Equation
while reactions yielding peroxide require two electrons predicting a
30 mV/decade slope, The poisoning of the oxygen response for low x
value NaxWO electrodes in Ii0H and the potential shifts experienced in

3
EDTA titrations of nonreducible cations without any apparent redox
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Table 6, Results of metal-EDTA titrations

Approximate
Metal titrant (EDTA) Welght of metal titrated (mg)
detected Log K (78) pH concentration, M Taken Found
Ca (I1) 10,7 10 1071 100, 4 100, 4
107% 4,10 4,10
10~3 0,41 0.4
Mg (I1) 8,7 10 1071 62, 52 62. 56
1072 2,50 2,50
10~3 0.25 0.25
Zn(II) 16,7 10 1071 162,3 161,1
1072 6,49 6. 56
Ca(1I), Mg(II) 13,10 107 61,50, 37.53 61,39, 37.38
Cu(II) 18,8 10 107t 146,9 146, 5
Pb (IT) 18,0 10 10~ (epma)
202 200
(back titration) 107! (ca®*) |
Fe (III) 25,1 3 1071 143,1 143,3

99
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indicator were also difficult to explain in terms of conventional
oxidation reduction reactions,

Very early in the course of this investigation the correlation was
made between the unique response of the Na.xwo3 electrode and the presence
of the hydroxide ion, The oxygen response deterlorated and chelometiric
titrations of nonreducibdie metals became unsuccessful at lower hydroxide
concentration,

Consequently a mechanism was proposed in which the adsorption and
desorption of hydroxide ions at the Na.xwo3 surface played an important
role in establishing the potential of the electrode, The pH response of
the N'axWC3 electrode (Figure 33) could be explained on this basis where
adsorbed hydroxide lons form a charged double layer at the electrode
surface and establish the negative potential, Numerous parallel examples
may be cited among the ion-selective potentiometric electrodes developed
in recent years, These include the glass electrodes for measuring pH
and alkall and alkaline earth metals, the solid state rare earth fluorine
membrane electrodes for F, and mixed sulfide membrane electrodes for SZ-
and various cations, and the liguid and ion exchange resin membrane
electrodes for anlons and cations, The potentiomeiric response of these
are all considered to arise from the specific adsorption of charged
specles at the electrode surface (86,87).

The oxygen response could be explalned as follows: The strong
adsorption of hydroxide ions in de-oxygenated O0,1M KOH establishes
the large negative potential (~-1200 mV or less), When O2 molecules are
introduced, they also are strongly adsorbed at the bronze surface,

displacing the negatively charged OH ions and resulting in a positive
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shift in electrode potential, The success of EDTA titrations in basic
solution and the action of Id+ on the oxygen response could similarly be
explained if the positive ions act in a manner similar to the oxygen
molecules in dispiacing adsorbed OH ,

Subsequent observations and considerations however, place serious
doubt on this adsorption mechanism, The potentiometric response to a
number of species was determined in 1M NHAOH and appeared to be limited
to only those species which are easily reduced in aqueous solution
(Figure 34), Response slopes for Cu(II), Ag(I) and Fe(CN)g- were found
to be unpredictably large (80-300 mV/decade) paralleling the response to
dissolved oxygen in 0,1¥ KOH, Response to difficultly reducible metals,
Cd(11), 2n(II), Ni(II), Ca(II), was extremely small and the success of
chelometric titrations of these species could no longer be explained on
the basis of displacement of adsorbed OH ions as the cause of the sub-
stantial shift in potential, Further evidence that a redox reaction
takes place at the NaxWO3 electrode in basic solution was seen during
oxygen measurements in quiescent solutions when the electrode potential
drifted in a negative direction indicating the depletion of dissolved
oxygen in the vicinity of the electrode, This observation was consistent
with those of other investigators (12,13) who demonstrated the slow
dissolution of NaxHOB in basic solution in the presence of oxygen and the
rapid dissolution in the presence of very strong oxidizing agents such as
sodium peroxide, The spontaneous plating of metallic silver from
ammoniacal and O,iM KOH-1mM EDTA solutions containing Ag(I) provided
additional evidence of the ability of NaxWO3 to act as a reducing agent

in basic solution,
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Voltammetric measurements involving cubic Na.xWO3 electrodes in
0,1M KOH-1mM EDTA demonstrated that both the reductiomn of dissolved
oxygen and the oxidation of I\la.xWO3 were occurring in the same general
potential range of the potentiometric oxygen response (~600 to ~1200 mV
vs, SCE), Figures 35 and 36 illustrate current vs, potential curves for
Na.xwo electrodes having x values of 0,65 and 0,79 in KOH solutions

3
saturated with nitrogen, the 1%, 3.3% and 10% oxygen gas mixtures and

pure oxygen,
In deoxygenated solution the voltammetric curves exhibited the

expected cathodic wave for the reduction of HZO to ]-I2 at approximately
-1,5 V vs, SCE much like that observed with platinum electrodes (81),
Also observed however, was an anodic wave beginning at -1,0 to -1,2 V vs,
SCE (the open circuit potential) and becoming extremely large at poten-
tials more positive than -0,5 to -0,6 V vs, SCE, The anodic wave was
attributed to the oxidation of the Naxw03 electrode to WOlz; (tungstate)
for two reasonss the absence of other oxidizable species and the observa-
tion that dissolved oxygen (which establishes potentials between -0,6 and
~1,2 V at the Na.xwo3 electrode) is known to cause this reaction to take
place (12,13), When oxygen was introduced into the 0,1M KOH-imM EDTA
solution, a cathodic wave representing the reduction of O2 to H20 was

observed in the same general potential range (~0,6 to -1.2 V) where the

Na.xw03 oxidation takes place,

The potentiometric response of the NaxW03 electrode to dissolved
oxygen in basic solution must therefore be considered to arise from a
nixed potential established by the spontaneous oxidation of the Na.xBIO3

electrode by dissolved oxygen,
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Mixed potential phenomena have been discussed by a number of authors
(88-93) and are considered to arise when a nonequilibrim state exists
involving two or more different electrode processes, Such a state is
connected with a spont;.neous. change at the electrode surface where
simultaneous oxidation and reduction are occurring, The classic example

2+

is the reaction Zn + 2H+ wmeee> 707 + H2 at a zinc electrode in acid

solution which was first studied in terms of mixed potentials by Wagner
.and Traud (88),

The sum of the partial currents, icath odic ~ ia.n odic’ of such a
reaction must be equal to zero and since the rate of each partial reaction
is dependent on the electrode potential, the mixed potential satisfying
the condition of zero net current is established, If the voltammetric
polarization curves of cathodic and anodic processes can be individually
determined the value of the mixed potential can be estimated schematically
as shown in Figure 37, Represented in this figure are the anodic wave for
the dissolution or oxidation of the Nao. 6 5w03 electrode in 0,1M KOH-

imM EDTA and a series of cathodic waves for the reduction of 02 at dif-
ferent dissolved oxygen concentrations (Ci<02< Cy <C,+). The anodic Na_ W0,
wave was determined directly in nitrogen-saturated Solution while the
cathodic oxygen waves were estimated by subtracting the anodic wave from
the corresponding total voltammetric waves in Figure 35. The condition

of equal and opposite anodic and cathodic currents (zero net electrode
current) to establish the mixed potential is represented by the vertical
dashed lines for the various dissolved oxygen concentrations, The shift

of the mixed potential toward positive potentials with increasing dissolved

oxygen concentration is clearly illustrated,
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The potentiometric response of the Na.xwo3 electrode to Cu(II) and
other oxidizing agents in ammoniacal solution can be similarly explained,
The only prerequisite for such response would be that the cathodic wave
for the oxidizing agent exist over the same potential range where the
NaxW'O3 anodic wave occurs, Figure 38 presents voltammetric curves for
various Cu(II) concentrations in 1M NH,OH, The similarity between these
and the oxygen curves in 0,1M XOH (Figures 3% and 35) is apparent,

The extremely large pctentibmetric response slopes observed in the
oxygen, Cu(II), and Fe(CN)g- measurements are not totally unexpected,
Herbelin et al. (93) encountered similarly large potentiometric response
slopes (125-250 mV/decade) for Ce(IV) and Fe(II) when working in a mixed-
potential system involving the Ce(IV)/Ce(III) and Fe(III)/Fe(II) redox
couples,

Response slopes as high as 250 to 300 mV/decade could in fact be
anticipated for the NaxW03 electrode by the mixed=potential mechanism
under certain conditions, Figure 39 is a logarithmic plot of the anodic
wave for the oxidation of the Nao.65W03 electrode in 0,1M KOH-imM EDTA
showirg a ten-fold increase in anodic current for a 285 mV shift in
potential, If the cathodic wave for the reduction of an oxidizing agent
were completely diffusion limited in this general potential region the
cathodic current would be directly proportional to the concentration and
independent of the electrode potential, A ten-fold increase in the oxidant
concentration would result in a similar ten-fold increase in the cathodic
partial current, To balance this increase in cathodic current a ten-fold
increase in the anodic partial current would be required which, in turn,

would result in a 285 mV shift in the mixed potential of the NawaB
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electrode, Such a situation may exist for ferricyanide in 1M NH#OH
explaining the 300 mV/decade response slope observed at high Fe(CN )6'
concentration (Figure 34),

The mixed-potentlal mechanism provides excellent explanations for
several observations connected with the oxygen response of the Na.xHO3
electrode, Any factor influencing either the rate of Naxw03 oxidation
or the rate of 02 reduction reactions as a functién of potential
(polarization curves) will subsequently alter the mixed~-potential re-
sponse of the electrode,

The snhancsd Tespense to dissclved oxygen in the presence of trace
Ag(I) (Figure 15) can be explained if the minute quantity of Ag metal
depositing on the bronze electrode acts as a catalyst for the oxygen
reduction reaction, A number of metals, including Ag, have been shown
to catalyze the reductlon of dissolved oxygen at a NaxW03 electrode when
present in the bronze as impurities (70}, Such catalysis would shift the
cathodic oxygen waves (Figure 37) to more positive potential and result
in a larger mixed-potentlal response to dissolved oxygen,

The poor oxygen response for low x N:a.xwo3 electrodes in Ii0H (Figure
10) may be rationalized on the basis of a change in the Na.xWO3 anodic
wave, The negative charge on the electrode and the small ionic size of
the L1+ ion suggests the possibility of lithium diffusing into the Na.xwo3
crystal lattice forming a LixW03 or mixed Lixll’OB-lNIa.xWO3 layer at the
electrode surface, This would be most apt to happen with low x value
bronzes which have a greater number of available vacant lattice sites,
Iithium tungsten bronzes and mixed sodium-lithium tungsten bronzes are

known to be much more resistant to oxidation in basic solution than the
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pure sodium bronzes (12,13,5%), Under these circumstances the anodic
wave for the bronze oxidation could be shifted far enough toward positive
potentials to render the mixed-potential response to oxygen inoperative,

The day-to-day variatlions in electrode response and the dependence
of the potential on stirring rate can also be understood in terms of the
mixed-potential mechanism, Changes in the electrode surface will result
from the slow dissolution of the electrode ln oxygenated basic solution,
If the bronze 1s not perfectly homogeneous preferential attack of the
more active sites will occur, Such surface changes are certain to glter
both the anodic and cathodic polarization curves and result in a change in
the oxygen response, The rate of stirring will primarily affect the
polarization curve for the diffusion controlled oxygen reduction,
Increased stirring will result in a larger cathodic current for a given
oxygen concentration and explain the shift of the mixed potential toward a
more positive potential,

Voltammetric curves for several other highly conducting alkali metal
tungsten bronze electrodes in 0,iM KOH-imM EDTA are presented in Figures
40 to 43, Immedlately apparent is the absence of any bronze oxidation
wave at potentials between -0,5 and -1,0 V in deoxygenated (N2 saturated)
solution, The inability of these bronzes to undergo oxidation and
establish a mixed potential with the oxygen or Cu(II) reduction couples
is consistent with their poor performance in responding to dissolved oxygen
and in detecting the equivalence point in chelometric titrationms,

A numbsr of these electrodes however, did exhibit some potentiometric
response to dissolved oxygen in O,1M KOH-imM EDTA (Figure 17) and a
30-40 mV/decade response to Cu (II) in 1M NH,, OH (Figure 30), Other mixed-
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potential phenomena are suspected as the cause of these observations,
The oxidation partial current here may involve the formation of an oxide
layer at the electrode surface or the oxidation of water to 02 or H20 .
The fact that the hexagonal KO' 3W03 and Rbo’ 3‘103 exhibited no response
whatsoever to dissolved oxygen is an extremely strong argument for the
mixed-potential response mechanism, The voltammetric curves for these
electrodes (Figures 40 and 41) show that the 0, reduction wave begins at
more negative potentlals than the open circult potentlial in deoxygenated
solution, In these instances, dissolved oxygen is not a strong enough
oxidizing agent to participate in establishing a mixed potential,

The substantial shift in the potentlal of the Na.xwo3 electrode in
chelometric titrations of nonelectroactive speclies can also be explained
by the mixed-potentiali mechanism, Copper or some other oxidizing agent
complexed by EDTA would indeed act as a potentiometric indicator if it
was present in the titration solution, The voltammetric curves for the
Na.o. 6 5H03 electrode in iM NH40H (Figure 37) clearly demonstrate a negative
shift in the mixed potential with decreasing Cu(II) concentration, A
similar shift would be expected if a given amount of Cu(II) was complexed
with excess EDTA making it more difficult to undergo reduction, In
practice however, there does not appear to be enough Cu(II) or other EDTA-
complexable oxidizing agent present to cause this effect, especially in
view of the large amount of reducible oxygen present during these titra-
tions,

The shift in the mixed potential at the equivalence point is due to
the presence of the EDTA itself instead of the effect of complexing a

trace potentiometric indicator, Figure 44 presents voltammetric curves
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for the Na.o 6 5W03 electrode in nitrogen and alr-saturated 1M NHQOH
solution showing the effect of EDTA at a concentration of 1.3 X 10-5M,
The presence of trace EDTA was found to shift the anodic polarization wave

WO, electrode to more negative potentials

0.65" 3
by 120-140 mV, This oxidation at more negative potential may result

for the oxidation of the Na

from the EDTA complexing tungsten and driving the following reaction to
the right,

- + 2- -
Na WO, + 20H —-cem-—==> xNa’ + WO,™ + H,0 +xe | (8)

3

The EDTA also appears to affect the cathodic polarizaﬁion wave for
the reduction of oxygen at the Na W0, electrode, The negative 20-30 mV.
potential shift in this wave may be the result of the EDTA hindering the
oxygen reduction reaction, If this shift in the cathodic wave is also
characteristic of other metallic electrodes the 20-30 mV shift observed
in chelometric titrations using the other tungsten bronze electrodes

(Figure 29) and the Pt, Cu and W electrodes (Figure 31) can be explained,
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CONCLUSION

The sodium tungsten bronzes have been shown to be highly useful
potentiometric~indicating electrodes for determining dissolved oxygen
in agqueous solution and for indicating the equivalence point in metal-
EDTA titrations,

The response to dissolved oxygen differs from that of conventional
polarographic, voltammetric and galvanic electrochemical methods (81)
in that a potential rather than a current is indicative of - he oxygen
concentration, Although the analytical applicability of the NaxW03
electrode was only demonstrated at dissolved oxygen concentrations above
0,04 ppm (Poz- 0,001 atm), there is an additional 150-200 mV potential
region available to perhaps extend the range of analysis another orxder
of magnitude lower, The logarithmic potential response has in theory
a distinct advantage over the lineaxr current response of the conventional
methods when working at extremely low concentrations, It becomes
increasingly more difficult to instrumentally measure the smaller and
smaller currents involved but no more difficult to measure a more negative
potential,

The high degree of sensitivity and the magnitude of the potential
change per unit change of oxygenconcentration (120 mV/decade) demonstrate
the utility of the NaxW03 electrode for dissolved oxygen determinations,
The simplicity and low cost of the electrode and the relative ease with
which potential measurements can be made are additional advantages, The
ability to incorporate the electrode into a flow-through system or perhaps

a recirculating system suggests applicability for field measurements of
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dissolved oxygen in river and lake waters, The major disadvantage how-
ever, is that the response is limited to basic solution and a deaerated
reagent would have to be introduced into the sample, The membrane
voltammetric and galvanic electrodes on the other hand, will operate over
an extended pH range and in organic ligquids (81).

An extremely useful application of the Na.xH03 electrode is the
potentiometric detection of equivalence points in metal-EDTA titratlonms,
As 1ittle as 0,01 millimole of metal can be easily measured in these
titrations and the method is applicable for the determination of nonelectro-
active as well as electro-active metals, Similar chelometric titrations
have been demonstrated using a mercury electrode (78,94) and copper ion-
selective electrodes (95,96) but these require the presence of an indicator
ion for successful titrations, Equlivalence-point detection with the
Na.xwo3 electrode appears to be a result of the electrode's direct response
to the EDTA itself, The absence of any indicator is a distinct advantage
when titrating for minute quantities of metal because corrections for the
indicator blank are unnecessary, As in the case of the Na.xwo3 oxygen
electrode, the simple design and low cost of the electrode are additional
advantages.

The potentiometric response of the Na.xiro3 electrode in basic solution
is attributed to a mixed potential established from the spontaneous
oxidation of the electrode surface by dissolved oxygen, The simultaneous
reduction of dissolved oxygen and oxidation of the Na.inO3 electrode over
the same general potential range as the potentiometric response was
demonstrated by voltammetry, A mixed potential mechanism explains the

response to dissolved oxygen and the response in chelometric titrationms,
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Also explained by the mixed-potential mechanism are the many idiosyncra-
sles connected with the response of the Na.xk'o3 electrode, These include
the variability in electrode response, the effect of stirring, the loss
of 02 response in ILiOH and the enhancement of 02 response in the presence
of tracs Ag(I), and the uniqueness of the cubic NaxW03 electrode in

responding to dissolved oxygen and the equivalence point in chelometric

titrations,

Future Studies

Although the Na.xwo3 electrode has been demonstrated to be very useful
in dissolved oxygen determinations, there are two disadvantages to be
overcome in order to improve results, These are the slow response at low
oxygen concentrations and the variability in electrode response over a
period of time, The response characteristics may possibly be improved by
changing the composition of the NaxW03 electrode, Incorporation of
LixWO3 into Nav.xllr()3 for example, will increase resistance toward oxidation
and minimize deterioration of the electrode surface, This may result in
a more stable response without too much sacrifice in response slope and
sensitivity, Incorporation of trace platinum in NaxW03 electrodes 1is
known to catalyze the reduction of oxygen, This may result in a more
rapld response of the electrode to dissolved oxygen,

In this study, the application of the Na.xw'o3 electrode in chelometric
titrations was demonstrated only for EDTA, Additional studies are
warranted to determine if other complexing agents would cause a similar
mixed potential shift and be useful as titrants, Studies involving the

use of masking agents in conjunction with EDTA for selectively determining
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metals in mixtures may also prove to be useful,

The voltammetric studies presented here have shown the cubic sodium
tungsten bronzes to undergo oxidation in basic solution much more easily
than the other alkall metal tungsten bronzes, Also demonstrated by
voltammetry is the extremely interesting series of observations concern-
ing oxidation at the hexagonal tungsten bronze electrode in basic solu-
tion, Oxidation occurs most readily at the wa03 electrode and least
readily at the (.‘:»‘.xwo3 electrode with bew03 in between, Correlation of
these observations with other properties of the tungsten bronzes would

nake a most interasting study,
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