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A careful consideration and understanding of fundamental chemistry,
thermodynamics, and kinetics is absolutely essential when modeling
predominance regions and solubility behavior of elements that exhibit a
wide range of valence states. Examples of this are given using the
ruthenium-water system at 298.15 K, for which a critically assessed
thermochemical data base is available. Ruthenium exhibits the widest
range of known aqueous solution valence states.

Known solid anhydrous binary oxides of ruthenium are crystailine
RuOy, Rul0y, and possibly RuOy (thin film), and known hydroxides/
hydrated oxides (all amorphous) are Ru(OH)3+Hol, Rulg:2H,0, Rul,-Hy0,
and a poorly characterized Ru(V) hydrous oxide. Although the other
oxides, hydroxides, and hydrous oxides are generally obtained as
precipitates from aqueous solutions, they are thermodynamically
unstable with regard to Rulp(cr) formation. Characterized aqueous
species of ruthenium include Rul, (which slowly oxidizes water and
which dissociates as a weax acid), Rul4~ and Ru042' (which probably
contain lesser amounts of RuO3(0H)Z~ and RuU;(UH)22‘, respectivel&,
and other species), Ru(OH)p2+; Ru,(OH))2%*, Ru(OH},, Ru3+, Ru(OH)2+,
Ru(QH)2*%, Ru2+, and some hydroxytetramers with formal

ruthenium valences of 3.75 > Z > 2.0. Potential-pH diagrams of the
predominance regions change significantly with concentration due to
polymerization/depolymerization reactions. Failure ta consider the
known chemistry of ruthenium can yield large differences in predicted
solubilities.

1. INTRODUCTION

Potential-pH diagrams ("Pourbaix diagrams™} are an important way of
visualizing predominance regions for the various valence states and
different ionic and neutral forms of an element in aqueous soiution
under a variety of Eh-pH conditions. They will, in turn, provide
information about solubilities, chemical properties, and absorption
behavior.

Potential-pH and solubility calculations are frequently made using
thermedynamic data taken from critically assessed data bases such as
CODATA, JANAF, or NBS-270 series. These tabulated thermodynamic data
are generally reliable. However, these data bases are limited to some
thermodynamically well characterized pure compounds and aguecus icns,



and for none of these is a detailed discussion provided for tihe
chemistry. Thus, in most cases, it is nat clear if these data bases
are complete enough for detailed thermodynamic calculations for an
element, or even whether the mast important compounds and aqueous ions
have been included.

One example should suffice to illustrate problems that arise from using
an incomplete data base. Elsewhere, we have assessed chemical and
thermodynamic data for technetium (l1). We noted that most orevious
potential-pH calculations for aqueous salutions of this element
included only TcO4~ and Tc2*, and the value for Tc2+ is estimated.
Reduction of higher valence aqueous species or dissolution of oxides in
non-complexing media never gives Tc<t; instead many

workers have found TcO2+ TcO(OH)*, TcO(OH)p, (TcO(OH)2]2, and

Tc3+. Clearly calculations that ignore Te(II1) and Tc(IV) species

but include Tc(Il) will not reproduce the basic chemistry, and thus
cannot be trusted for solubility calculations. Some who did earlier
potential-pH calculations seemed unaware of the incorrectly predicted
chemistry.

The waste package performance assessment of NNWSI will require
geochemical modeling to predict wasteform degradation and rock-water
interactions. This geochemical modeling will, in turn, require a
detailed thermodynamic data base for the aqueous species and solid
compounds involved, ang to utilize these data will require
understanding of the relevant chemistry and kinetics. This paper gives
an example of a proper use of a data base for modeling calculations.

In the following sections we illustrate the use of a thermochemical
data base for aqueous solubility calculatians. Ruthenium and osmium
show tne widest range of known valence states of any element.
Ruthenium was chosen here since a critically assessed and nearly
complete thermochemical data base is available for it (2).

Because of the very complicated behavior of ruthenium-02-H0, its
chemistry, electrochemistry, thermodynamics, and reaction kinetics will
first be discussed in detail. We will consider oxides and hydroxides;
then solubility constant data; the nature of aqueous Ru(V1II) species;
the nature of Ru(VIII), Ru(VII), and Ru(¥I) in alkaline solutions; the
nature af Ru(VIII) to Ru(III) in acidic solutians; and finally Ru(ITl)
and Ru(1I) in acidic solutions. Once this is done, we will present
potential-pH and solubility calculations, and discuss which solid
phases sheuld be used to constrain the calculations under var.uus
conditions.

2. PROPERTIES OF OXIDES, HYDRATED OXIDES, AND HYDROXIDES

when ruthenium metal is exposed to air from room temperature to about
475 K, a thin film of "native oxides" forms with a ccmposition
approaching Ru0 (2). Ewvidence for Ru0 in surface films is somewhat
equivocal, since it is based on electren binding energies that could
passible represent interference between surface layers of Rud, and Ru
in the bulk phase. Heating the metal in air or oxygen gives a surface
film that is undoubtedly Ru0; (2,3), but Ruly is present in the
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surface defect structure (2). Similarly, bulk RuDp also contains

Ru0s in the surface (2,4,5). Mass spectra from atom probes and SIMS
(3,6,7) of ruthenium surfaces oxidized to 900 K have shown the presence
of Ru*, RuZ*, Ru0*, Ru0Z*, Ruly*, RuOy2+, RuO3*, Ru032*, Rulg*,

Rupt, Rup0*, Rup02*, and Rug032+. Only sulid RuOy can be produced as a
bulk phase oxide by direct reaction of metal with oxygen (2), but
surface oxides are obviously much more complicated.

RuOy(s) heated in a vacuum decomposes to the elements, but when
heated in air or 0; it volatilizes by Ru03(g) and RuO4(g)

formation. Since heating the metal in air produces a surface film of
Ru0,, these volatile oxides can also form above the metal. Above
Ru07(s) heated in one atm 0z, the RuO4(g) partial pressure

exceeds that of RuDs3(g) helow 1290 % 50 K (2), but RuD3 dominates

at higher temperatures. Above 1850 K, ruthenium metal is the stable
solid phase, and RuQ3(g) forms by direct reaction of Ru with Dg;
around 1900 K and higher, RuOz{g) and RuO(g) are also observed. All
of the gas phase oxides of ruthenium decompose to RuOy(cr) and

Q3(g) or Ru(cr), RuBy(cr), and 03(9) upon condensing (2).

Metastable RuO4(cr), RuO4(l), and RuD4(aq) can easily be prepared by
chemical or electrolytic oxidation of lower valence ruthenium compounds
(2). RuQ4 melts at 298.5 £ 0.5 K, it has a vapor pressure of 0.013
atm at 298.15 K, and it usually decomposes te RuOp(s) and 03(g)
(sometimes violently) when heated to around 380 K. RuQg, is a very
strong oxidizing agent and will oxidize most solvents except CCl,.

RuO, is tetrahedral in the vapor phase as indicated by electron
diffraction measurements (2), but it probably has significant angular
distortion in the crystal, like 0sD4 which is isostructural (8,9). RuO,4
is soluble in water to 0.10-0.14 mol kg-l from 273-348 K, it dissociates
as a weak acid with a first dissociation constant of Kp= 3 X 10—

mol kg~1l, and it oxidizes water at a rate that increases with
temperature (2). Its agueous solution at 258.15 K has a vapor pressure
af RuQ, given by P/atm = 0.098 m where m is the RuQg, molality.

Precipitation of Ru(Iv) with OH- from chloride containing aquecus
solutions can give significant amounts of chloride im the "hydroxide"
precipitate; e.g., Ru{OH)3 7Clg 3 from K4[Rup0Cl)g] solutions (10).
Precipitation of Ru(lv) from solutions free of complexing anions yields
a black amorphous material generally described as RuDp+nHR0 or
Ru(BH),4. Since this material shows variaple water content, loses
water over a reasaonably wide temperature interval, and has no IR bands
for the hydruxyl group (2), it is probably not a hydroxide.
Cansequently, we consider it to be a hydrated dioxide. A cammercial
sample of RuOp-nHp0(s) was also reported (11) to contain

= 0.34 mole CO, per mole Ru.

Samples of RulgprnHy0(am) can be prepared by reduction of aqueois RuQg
by Hp0p in acidic media, adding alkali to acidic Ru(IV) solutions to
cause precipitation, and are also commercially available. Vvarious
workers have analyzed their water compositions ta be n = 2, 1.8, 2.3,
1.7, 2.5, 2.7, and 3.6 (11-18). The detailed study of Shorikov et al.
(18) indicates that water in excess of the dihydrate is removed by
heating between 343-373 K, and most is reabsorbed upon cooling. This
implies that absorbed water is involved, and that the “true hydrate" is
RuOp+2H,0.
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. Reduction of RuO4 by Hy (19), by Ha03 in CCly (20), by drying
RuDz+nHo0 in a desiccator (21) or at 383 K (10,22), or heating
Ru02-2H20 to 423 K (18) yields material with n = 0.9, 1.0, 1.1, and
L.3. We consider them all to be the monohydrate RuOy+H0 with a
slight water deficiency or excess. Complete dehydration of the
monohydrate and dihydrate occurs above 600 K (10,15,16,18,20). IR
evidence is available for water molecules bound by weak hydrogen bonds
in Rubg+H50 (22); i.e., it is not a hydroxide.

Precipitation of Ru(III) from aqueous solutions yields a solid that can
be yellow, brown, greenish-yellow, greenish-brown, green, or black.

The pure material is probably yellow, but Ru(III) solutions are very
sensitive to oxidation by traces of Oy so that contamination by
RuO2+nHo0 causes the coler to vary. Stretching and bending vibrations
of bound water have been detected by IR spectroscopy (15), as have
Ru-0H bands (15,23). Another study reported no specific Ru-OH IR bands
were observed (24). Two thermal decomposition studies (15,24) indicate
that 0.8-1.0 waters are present, so we corsider the solid compound to
be Ru(OH)3+Hy0.

Early evidence for "Rup0s5" is of questionable reliability, but more
recent results indicate its probable existence (2). Aqueous solutions
of both ruthenate Ru042' and perruthenate RuO,~ disproportionate to
form it when acidified (25):

3 Ru042-(aq) + 6H*(aq) = RuD4(ag) + Rugls(s) + 3HoO(L) 1)
3 RuO4~(ag) + 3H*(aq) = 2RuD.(aq) + 1/2Ruo0s(s) + 3/2H0(1) 2)
Similar reactions also occur for the corresponding osmium analogues (26).

The degree cf hydration of "RupOs" is uncertain, so we treat it formally
as unhydrated (2). It can be prepared by electrolytic reduction of RuO4
in HpS0,4 solutions at 1.12 V (27). Changing the reduction potential
slightly causes the Rup05 to be recuced to RuOg=nHy0. Reduction

of alkaline solutions of Ru042' also produces Rup0s, but it rapidly
disproportionates to other valence states {28).

We earlier noted that RuO3 can form in the gas phase when Ru(cr) or
RuOy(cr) are heated in the presence of 03(g), and that RuD3 is
present in the surface defect structure of polycrystalline RuDp. It
has been claimed that RuO3 forms as an unstable intermediate during
the aniodic evolution of Oy on a RubOs electrode (2). The first
direct evidence for a thin film of solid RuO3 comes from the
photodecompasition of RuQ4(s) with 436 nm light (29). At 405 nm
"RuOp 7" was obtained instead, but at shorter wavelengths irradiation
always produced RuOz(s) and 0p(g). RuO3 is undoubtedly

metastable with regard to Ru0»(s) formation, and probably can exist
only in thin films and as surface oxides.

All of the various oxides (except RuOz(cr)), hydrated oxides, and
hydroxides are thermodynamically metastable with regard to
decomposition to two or more of Ru(cr), RuDy(cr), 02(g), and
Hy0(1l). The spontaneous decomposition reactions and their
corresponding standard Gibbs energy changes per ruthenium atom in k3
mol-! are:
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RuD4(g,1,cr,0T aq) = Rulj(cr) + 02(g) [-105,9;-94,1;-94,cr;-99,aq] (3)

Ru3(g,s) = Rubz(cr) + 1/202(g) [-197,9;7,s] (4)
RuO(g) = RuOy(cT) [-363) (5)
RuO(g) = 1/2Rul(cr) + l/2Ru(cr) [-466) (6)
RuOp+2Hp0(s) = RuOz(cr) + 2H;0(1) {-36] ™M
Ru(CH)3+H0(s) = 3/4 Rulp(cr) + L/4Ruer) + 5/2H0(1) {-17] (8)
1/2Rug0s(s) = Ruby(cr) + 1/602(g) [-31) %

‘hermodynamic data are from the review article (2). Equations 7 and 8
are v.ser.2d (equation 8 in the avsence of Op) anly when samples are
heated. uLamples that are precipitated from aqueous solutions are
Rug0s, RuOz¢2H0, or Ru(OH)3+H,0 rather than the thermodynamically
stable RuDy(cr).

3. RuDy(s) ELFCTRDDES

Dimencionally stable Rul; electrodes are used exiensively in the chlor-
alkali process uzcause of low overvoltages and high current efficiencies.
They are prepared by thermal decomposition of so called "RuClsy3H,0",
Jsually on a titanium substrate with or without added TiOp. Potential
cycling of these electrodes in solution should give gradual hydration of
this Rillp.  “Rest" or open circuit potentials have the reversibie
Nernstian slope of 0.059 V (pH)~l from pH=l ta 12 (2), and can be
interpreted as corresponding to

RuO2(hyd) + H*(ag)+ 2Ho0(1l) + e~ = Ru(0H)3+H20(s) (10)
Another study of RuD» :ounted on conducting graphite (30) gave a

slope of 0.062 + 0.002 vV (pH)~1l, but with a slight hysteresis of

0.005 V (pH)~L for pH = 2 + 12 + 2, They suggested that formatien

of non-stoichiometric oxides is involved (30)

RuOg(hyd) + 28 H*(aq) + 26 e~ = Rup_g(hyd) + & Hp0(L) (11)

4. SOLUBILITIES OF HYDRATED OXIDES AND HYDROXIDES

Freshly precipitated Ru(IV) solutions that were Initially »y 10-4

mol kg-1 contain Ru,(0H)19%*(aq) as the dominant aqueous

specles at pH values of about 0-4 (2). Thus, the solubility reactian

for disselution of RuGo+2HoO(s) is

4 Rubp~2H20(s) = Rugy(OH))2%+(aq) + 40H-(aq) (12)

where K¢° = 7 x 10746 mol> kg=> at infinite dilution. Monomeric
Ru(OH)QZ*(aq) has been studied in the pH range 0.8-2.8; for it

Rub2+2H20(s) = Ru(OH)22*(ag) + 20H"(aq) (13)
-5



has Kg* = 8.5x10"28 mal® kg=3. The polymerizatiocn/depolymerization
reaction between Ru(OH)22*(ag) and Rug(OH);2944(aq) at 293 K takes
at least several months to years to reach equilibrium (2). In well
aged solutions (=3-4 months), another solubility equilibrium is
abserved

RuOy+2Ho0(s) = Ru(UH)4(aq) {14)

for whlch the solubility is constant at about (7+4)x10-7 mol kg‘l from
pH = 5-7 (22). Although we write these aqueous species as hydraxides,
they may possibly be hydrated oxy-species; eg., Rua(DH)12“+ could be
RugQg 04+,

The solubllity of Ru(OH)3+H50 is given by the reactior
RU(OH)z+H70(s) = Ru(OH)2*(aq) + OH-(ag) + HpO0(1) (15)

in the pH range 1.5-4.2, which has K¢° = 1.4x10716 mo1? kg-2 at
infinite dilution. Note that [H,0]=1 at infinite dilution since
solvent activities are defined on the mole fraction scale.

Ruz0s does not dissolve in water cr 0.5 mel dm=3 HpS8, (27). However,
it does dissolve in Ru(IV) solutions to farm agueous Ru(4.25), which ig
an oxidized form of RuagﬂH)12“+‘ The failure of Rugls to dissclve

in water or 0.5 mol dm~2 HyS04 may be due to the fact that no

Ru(Vv) solution species are known, even as unstable transients. It is
possible to dissolve Rup0s to form higher or lower valence aqueous
specias. For example,

Ruz0s(s) + &HyO(1) + 4H*(aq) = Rug(OH) 5% (aq) + O2(g) (16)

has aGpxn = -38 kJ mol-l so it should be spontaneous. However, it
could be kinetically inhibited.

5. AQUEOUS SOLUTIONS ANO REACTIONS

This section is concerned with the aqueous chemistry and thermodynamics
of ruthenium in non-complexing media. Several comments are in order.
Studies in acidic media generally involve HClQ4 or HCl, but other

acids have been uszd (2). However, 1) HCl reduces upper valence
solutions af ruthenium to Ru(Iv) or Ru(III). In addition, chloride and
sulfate complexes of Ru(II), Ru(III), and Ru(IV) are moderately strong,
so HCL or Hp504 will cause the chemistry to differ from the
non-complexed case. The same may possibly be true for CF3COOH.

2) CF3S034, CH3SO3H, and p-toluene sulfonic acid form virtually

no complexes and are ideal for many applications. However, they cannct
be used for Rulg, Ru022+, etc., solutions because of the

likelihood of oxidation. 3) Solutlons af HNO3 have little complex
formation, and can te used to study valence states from Ru(III) to
Ru(VIIl), although nitrosyl formation can be a probiem for Ru(III). 4)
Solutions of HClO, work fine in most cases, but they oxidize Ru{I1I)
rapldly and Ru(TII) in about a day (much slowexr oxidation at 273 K).
Not anly does this make the chemistry more camplicated, but reduction
of HC10,; yields C1- to form ruthenium chlerlide complexes. Alsa,

HC1Q, concentrations of =6 mol dm-3 will even oxidize Ru(IV)

sulutlons to Ru(4.25) tetramers. 5) Solutions of Ru0, are reduced to
RuO4~ or RuD42- by OM-. Most commercial NaOH and KOH
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(especially from polyethylene bottles) contains sufficient oxidizable
impurities to cause further reduction to RuOg+2H0(s).

5.1 Ru(VIII) in Aqueous Solutions

We noted earlier that RuQ4 exists as a regular tetrahedron in the gas
phase. RuD4 in the liquid state or dissolved in CCl, should

likewise have a tetrahecral structure. The number of vibrational
fundamentals of RuO4 depend on its structure in its environment, so a
regular tetrahedral structure is distinguishable from a distorted one.
Consequently, a comparison of the vibrational frequencies of Ru04 in
water and in aqueous solutlons of acids and bases should give
information about Ru0; symmetry.

For molecules with tetrahedral symmetry in the ground state there are
four fundamental vibration modes: T = Aj(vy) + E(vz) + 2Fa(v3,vg).
All four inodes are Raman active, but anly v3 and w4 are IR active.
Only the A} made (v]) is polarized. The vy and v, frequencies are
very close for Ruf,, and some authors give inconsistent assignments.
However, of this pair, only w4 is IR active and IR data indicates

the higher energy vibration is w,. A combinatignal band vy +

v3 is also observed by IR, S0 v can be derived.

IR and/or Raman vibrational frequencies of RuQ, are available for

pure gazs, liquid, and for CCl, and aqueous solutions (31-36). The
more accurate values were averaged and are reported in Table 1. They
are for normal isotopic abundances; data are also available for various
oxygen and ruthenium isotopes (35-37). RuQy4 is assumed to show
angular distortion in the solid state which would lower its symmetry;
consequently vp, vz, and vy are split for both crystalline

and amorphous samples (33, 34, 38).

The vibrational frequencies in Table 1 are nearly identical for Rull,
for each case. Since RuO4 is tetrahedral in the gas phase, this
indicates that tetrahedral molecules of unsolvated RuD; must also be
the dominant species in liquid and solution.

Absorptian spectra have been measured for RuC, in the gas phase, and
for aaqueous and CCl, solutions (13, 39-46). These UY measurements
yield frequencies for the electronic absorption bands and, in some
cases, iheir vitrational and rotational fine structure. The positions
and frequencies of the vibrational components of the electronic band
ceritered around 26,000 cm-1 are identical in_water, in 1-12 mol

dm=3 HNUs (42, 45), and in 20-%-10-3 mol dm=3 NaCGH (45). The ground
state vibrational frequencies discussed above shaw that unhydrated
tetrahedral Rul, is the dominant aquecus species, and electronic
absorption band vibrational components were interpreted (42z, 45) to
indicate that this is alsa true from pH =~ -1 to 11. 1If so, then
acidic ar basic forms of Rul, do not form to a significant degree in
this pH range. Higher pH values were not studied because the rate of
reduction of RuDg4 by OH™(aq) becomes significant.

Electromigration experiments for Rudy in 1-11 mol dm=> HNO3 Show

no preferential migration to anode or cathode, and thus confirm that
species such as HRuO4* do not form in significant amounts (42).
However, there is evidence that the basic form of Ruls, which we will
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TABLE 1. Ground State Vibrational Energies of Ruua! Runh-, and

2~ . -1
Ru[lll in cm
State “l(Al) uZ(E) u3(F2) “4(F2)
RuQy
gas 88343 319 920+1 332.5+3
liquid 882+1 32634 915+2 335+3
CCl, 881+1 - 915+1 333.4
solution
aAqUecus 883 318 921 332
solution
Ru[]a_
agueous 827 - 846 -
solution
Ruﬂﬂz_
aqueous 83842 331#1 BO7+3 333+3
solution

write as Rul4(0H)~(aq), and its reduction products can be present
in significant amounts without mafur changes in the electronic
absorption band around 26,000 cm~l,

The 26,000 cm-! absorption band of Rubg has 5-6 peaks or shoulders
for aqueous solutions (42,43,45) and for HNO3 and NaOH solutiaons
(42,45). This structure is due to the vibrational fundamentals and
cambinational bands or overtones. The UV electronic spectra for
Rul4~(aq) and Ru042'(aq) in this region are smooth and nearly
featureless and are centered at nearly the same frequency zs for
RuO4(aq) (13,39,45,47-50). Obviously, significant amounts of
Ru04~(aq) and Rub4<~(aq) coulc also be present in alkaline
solutions, but their presence would only change the height of this
Rub4(ag) UV band and not its essential features (Ruuaz'(aq)
absorbs strongly at 21,500 cm~1 where Ru04(aq) and Rul4~(aq)
absarb little). The acidic dissociation for "H;RuOs" noted above
indicates that significant Ru04(0H)-(aq) should be present by

pH = 11, about 20% for an initial RuO,(aq) concentration of 10-3
mol dm~/. If the corresponding UV absorption band for
RuO4(0H)~(aq) is also nearly featureless or weak, then it also
would have no obvious effect on the 26,000 cm~1 Ru04(aq) band.

The vy and vy vibratlons of Ru042-(aq) are close to those for
Ru0z(ag), whereas v) and vy are shifted by 40-115 cm-l

(Table 1). Thus, a Raman spectroscopic investigation of alkaline
Ru0y(aq) could possibly detect other species.
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Twa abvious mechanisms can be given for the formation of basic forms of
Rul4(ag). Mechanism A has three steps

Ru04(aq,unhyd) + HzU(l) = RuD;(UH)Q(aq) Q17)
Ru03(0H)2(aq) = Rul4{0H)"(aq) + H*(aq) (18)
RuD,4 (DH)~(ag) = Ru0s52-(ag) + H*(aq) (19)

Mechanism B has two steps
Rub4(aq,unhyd) + OH™(aq) = Rul4(0H)~(aq) (20)
RUQ4(TH)~(ag) + OH-(aq) = Rub;(OH)22-(ag) (21)

Thus, the predicted singly charged anion is identical for both
mechanisms, but the doubly charged anions are different and, in
principle, chamically distinguishable. Solid salts of the osmium
analogues (51-~53) contain Usﬂa(DH)zz'. when the pH is high enough to
form_the doubly charged anion, reduction of Ru0ji(aq) to RuD4z~(aq) or
Ruoaz‘(aq) occurs instead, so the difference between mechanisms A and
B may seem academic for ruthenium. However, similar hydroxy species
may be present in Ru0;~(aq) and Ruoaz‘(aq) solutions, sa we will
discuss their chemistry.

5.2 Ru(VIII), Ru(VII), and Ru(VI) in Alkaline Solutions

There are a number of types of evidence, both chemical and
electrachemical, that have some bearing or the state of Ru(V1II),
Ru(VvII), and Ru(VI) in alkalire solutions.

Reduction potentials for one elzctron reductions of Ru(VIIIj to Ru(VII)
and for Ru(VII) to Ru(VI) (39,54,55) from pH = 9-12.1 are independent
of ptl. In addition, the redox equilibrium constant between Ru(VII),
Mn(vl), Ru(VI), and Ma(VII) for pH=13.3-13.6 was measured (56).

Also, the following equilibrium was investigated (13) from

pH = 10.3-10.9

3Ru042-(aq) + 4Ha0(1) = 2Rub4~(ag) + RuDp-2Ho0(s) + 40H™{aq) (22)
where the equilibrium constant is K° = (6£3) x 10-° mol3 kg‘3. These
equilibrium constant data (13,56) give a consistent value for the
RuD,2-(aq)/Ruby~(aq) potential (2).

Since redox potentials for RuU(VIII)/Ru(VII) and Ru(VII)/Ru(VI) are
independent of pH from =9 to 13.6, and since RuD4(aq) is the

dominant species at pH = 9-11.5 for Ru(VIII}, we assume (2) the

reactions correspand to

Rub4(agq) + e~ = RuDy~(aq), E° = 0.996+0.005 V (23)
RuO4~(aq) + e~ = Ru042~(aq), E° = 0.5860.01L V (26)
The lack of a pH dependence for E° of equation 23 implies that
RuD4(0H)~(aq) is not electrcactive under these conditions.
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Isalation and characterization of salts that precipitate from aqueous
solutions sometimes give an indicatlon of the nature aof the
corresponding solution species. Although several perruthenate saits
have been prepared (2), only KRuO, is structurally characterized
(39). It is prepared by reaction of RuO4(aqg) with 0.1-1.0 mol dm-3
KOH fallowed immediately by chilling the solution (2). It has the
scheelite structure with nearly tetrahedral RuD;~; this suggests
that RuO4~(aq) ions may be present in aqueous alkaline solutions.

The osmium analegues offer little insight since they are unstable at
all pH values (57).

Both IR and Reman spectra have been reported for solid KRuC, (33, 58,
59). Vibration fundamentals occur at vj(A;) = 82742, vp(E) = 339,
v3(Fp) = Bast3 and 835, and vgy(Fp) = 316 tl and 308%4 cm™+; vy and
vy are split into doublets. The IR spectrum of KRuO4 in aqueous
alkali has vibrational bands at 827, 846, and 1656 cm-1 (48); the
first two are undoubtedly vy and vi, and the latter probably an
overtone. Values of both vy and v3 in solution and in solid

KRuD, are identical; this is at least consistent with the predominant
agueous species being unhydrated tetrahedral RuO4~(aq). Both
potassium persulfate (48) and potassium hypochlorite (60) stabilize
perruthenate splutions.

when Rul, is added to aquecus alkall it can be reduced to the
orange-red ruthenate ion, which is usually written as Ruﬂhi‘(aq).
Formation of ruthenates rather than perruthenates is favored by longey
reaction times, warmzr temperatures, and higher OH"(ag)

concentrations (2). A number of ruthenate :alts have been prepared
(2), but only "BaRuO4+HpG" has been structurally characterized (61).
It actually contains lavers of trigonal-bipyramidal RuO;(DH)zz'

ions. "BaRuOg4-Hp0" loses waler when heated to 562 K, presumably to
form anhydrous BaRulg4, but the anhydrous form begins to lcse oxygen
immediately (62).

Mgre "osmate" salts have been characterized than ruthenate salts.
"Kg0804+2Ho0" is actually Ko[UsOp(GH),] (43, 64). The rubidium and
cesium salts are isostructural (65). Addition of BaZ+, Sr?i, op

Ca2* to basic 0s(VI) solutions gave (66) crystalline saits of the type
MOs0=(0H)»+nHy0, and also Ca0s037(0H),. Since ruthenium and .smium
bive similar chemistry in the upper valerice states, this suygests that
ruthenate solutions may be mixtures of Ruﬂhz'(aq), Rul3(0H}94-(aq),
and Rqu(OH)az'(aq). Solid complexes onl:’ with even numbers of
hydroxides nave been isolated for ruthenium and osmivr. Griffith (58)
reported that the IR spectra of "RuO42-" in D90 and alvaline Np0 were
identical, so no major change in structure is occurring «#ith pR.

Criffith (33) and Gonzalez-Vilchez andg Griffith (59) reported Reman
vibrational frequencies for agqueous alkallne "Ruﬂaz'". Their
assignments af v) and v3 are reversed; the later assignment

will br assumed relijable. These values are given in Table 1. Results
for bath selid KoRuU, with its gresumed Ru0,42- ion (33) and
"8aRul4+H70" with its RuO3(OH)o+%~ ion (58, 59) are similar to the
solution values (except v3 is split in tie solids), so they cannat

be used to uniquely characterize sclution species. However, the

-10-



absence of splittings in the aqueous solution peaks is certainly
consistent with telrahedral symmetry.

Reduction of Ru04(3q) by OH~-(aq) was found to abey the following
rate law at_constant ignic strencin (45)

dIRu0,2a]) . _k[RuD,,aq][0H",aq] (25)
at

where k=(1.94¢0.4)x10~3 mol-l dm® s-L at 283 K and I = 0.264 mol dm3.
Assuming the same mechanism apEIies at 798.15 K and I = 0.1 mal dm>,
then k = 9.7x16-> mol-l dm® s~ at that temperature (&5). We will use
this result to calculate whether reduction by GOi~(ag) could have
affected the measurements of the flrst acidic constant af Ru0,(aq)
using liquid--liquid extraction of RuO; between Hy0 and CCig at

various pH values {39, 67).

Silverman and Levy (39) used ane minute reaction/extraction times and
Martin (67) ten minutes so 0.6-2.5% and 0.6-5.5%, respectively, of the
aqueous RuG, could have been reduced. Reduction af Ru04(ag) would
make the apparent distribution ratio of RuQ, in CCi, to water too

low and the calculated first acidic dissoclation constart too high.
vhis errcr should have been greater for Martin's study and, indeed, his
Kp values are about a factor of five greater than for Silverman and
Levy, although this difference is greater than expected.

Nikitina et al. (45) proposed the following two-step mechanism to
account for the kinetic rate law
- kl
RuO, (aq) + OH (aq) = RuD, (aq) + OH(ag) (26)
4 k_l 4

iy
OH(aq) + OH(ag) = Ha0(1) + 1/205(g) 27

This yields the rate expressian

dlRub,{ae)] _ _ k,[RuD, ,aq)(0H",aa] + k_, [Ru0}.aq] [OH,aq]
dt -
= -kl[Ruﬁa,aq][OH'.aq] (28)

provided [OH,aq] remains very small.
Gther mechanisms could also account for this rate law. For example,

k
1

RuD, (aq) + DH (aq) = RuDa(DH)°(aq) (29)
K

-1

-11-



K
2

2RuD, (0H) (aq) = 2Ru0,(aq) + Hy0.(1) (30)
kg “

The Hp0p then catalytically decamposes to Hp0 and 1/2 0p. This
ylelds the rate expression

d[Ru0,,aa] _ -k, [RuD, ,2q}[0H,aq} + k_, [RuD,(OH)",aq) 61
dt -

If the rate of reduction of RuO4(aq) 1s slow compared to
establishment of acid/base equilibrium, then

(Ruo, (0H) "aq) = a2 - ¥a (rug, ,aq1i0H™, 201 2)
{H*,aq) Ku
and thus
diRu0,,2a] L (k) + k_ a) 1RO, 2q)(0H",a0] (33)
dt K“

which is the observed rate law. We could alsc have

RuDa(aq) + HZO(l) = Ru03(DH)2(aq) [&1)]

followed by
RuD,(OH),(aq) + OH(aq) = RuD, (OH)(ag) + H0(1) 35)

etc.

It should thus be clear that there are several reduction mechanisms
compatible with the rate equation. The overall reacticn for reduction

of RuD,(ag) by DH-(aq) is

Rul4(aq) + GH-(aq) = Rul4~(aq) + 1/403(g) + 1/2H30(1) (36)
Larsen and Rass (47) found that Ho09 was the likely product when
ruthenium tetroxide or perruthenate soluticns were reduced by aqueous
tase. Thus, equations 29 and 30 can explain this, and they are also
campatible with the known acidic properties of RuOg4(aq).

Reduction of aqueous .-erruthenate by OH-(aq) involves Ho0p

formation (47), followed by decomposition of Ho0; to 0. Above

about ph = 10.65 the averall reaction appesrs to be

Rul4~(aq) + OH(aq) = Ru042°(aq) + 1/402(9) + 1/2Hp0(1) 37)

and 0,(9) bubbles were observed (39). At constant ionic strength and
16-4 < 16~ mol dw=3 Ru04~(aq), the reaction kinetics are given by (45)

d[Ru0,+29] - i [Ru0;,30)%[0H", 3q) - k,[RuC,aql (8)
dt

=12~



In conirast, at somewhat higher RuO,;~(aq) concentrations (49, 68)

¢[RUO},aq] = -kl[Ruo;,aq]Z[uu‘,aq]3 9
at

A somewhat complicated reaction sequence is required to account for
the latter equation (68). It is obvious that both equations 38 and 39
will require a hydroxy intermediate suth as Rul4(O0H)<-(aq) or
RuO4(0H)23~(aa).

One thing should be clear from the abave discussion: neither mechanism
A or B alone can account for all of the experimental facts. That is, a
mixed mode involving equations 17-21 may be in operation. Thus, Rul4(3q)
may also contain RuO3(DH)2(aq), RuD4(0H)~(ag), RuDa(DH)zz'(aq) and
Ru052'(aqg; Rul4~(aq) may_also contain RuD3(0H)2~(aq), Ran(OH)z'(aq),
Ru04(0H)2”~(aq), and Ru053'(aq); and Ru042'(aq) may also contain
RuD3(0H)22-(aq), Rub4(OH)3-(ag), Rub4(0H)24-(aq), Rub,(OH)42-(aq),

and” Ruls%-(aq).

Table 2 summarizes the redox and chemical equilibrium behavier of
ruthenium in alkaline aqueots solutiors at 298.15 K. Several
additional resactions were taken from the review (2). Direct
experimental values of aG°, E°, cr K° are given when available.
values in square brackets are fo: known reactions but for which the
thermodynamic data or redox potentials are unknown or for which more
accurate values can be obtained from the self-consistent aGe

data (2). The value in parentheses is for a reaction not observed at
room temperature. The reactiun of RuO4~(ag) with Hp0(1) was

claimed to occur by Silverman and Levy (39).

5.3 Ru(Vl), Ru(IV), and Ru(3.75) to Ru(III) in Acidic Solutions

We ruw consider aqueous acidic non~complexing media. Although
RuUO4(2q) slowly oxidizes water, a few milligrams of chlorine
stabilize its solutions (&9).

Reduction of Rul, in aqueous HySO4 either electrolytically around
1.3 ¥ or chemically yields a green ion of Ru(VI) that is usually
assumed to be Ru0p<+(aq) or a sulfate complex (27,70-72).
Solutions of Ru022+(aq) disproportionate in a few hours to
RuO4{aq) and Ru(IV) (27,70,71). Reaction of freshly prepared (but
not aged) Ru(1v) with RuDg gives Ru022' also (70), as does

anodic oxidation of Ru(III) sulfates at abaut 1.4 v (73).

Addition of RuQ4 to concentrated aqueous HC1l containing CsCl er RbCl
yields salts of the type Mp[RuD,Cl,;] (2). Bromide and oxalate
analogues are also known (2). Mp[Ru0oCly] can be dissolved in and
recovered from dilute HCl, but in water it instantly hydrolyzes to form
Ru0, and RuOp+nHp0(s) (74). These Mp[RuOsCl,] are undoubtedly salts

of Ru022+.

Many workers doubt the existence of hydrated Rup0s, and instead
believe that reduction of higher valence compounds always gives
RuO2+2H70(s). However, acidification of alkaline RuO4(ag)

and Ruuaz‘(aq) gave 'RugDs" quantitatively (25). Some reasons

for the confusion are: 1) Electrolytic reduction of alkaline

=13~



TABLE 2. Reactions of Ruthenium irv Alkaline Solution

Ru0, (aQ) T=—Ru0,(9)

.
Runa'(aq)

e

Ruoaz_(aq)

Rub,(OH)~ (aq)

1 OH~
:Ruuz“(aq) + 1/40,(9) + L/ZH,0(1)

RuOq(cr) + 02(g)

1 OH=, pH > 10.6

RO, "(aq) T===2Ru0,2"(aq) + 1/40,(3) + 1/2H,0(1)

4
[

LT/ 2/3 Ru04(aQ) + 1/6Ruz05(s) + 1/2hy0(1)

1 Hy0, pH € 20.6
3/4 RuDg(ac) + 1/4Ru02-2H0(s) + OH™(ay)

H+
2- 5
RuUa (aq) o&—— 1/3Ru04(aq) + 1/3Ru205(s) + H?O(l)

|
3/2 Ho0, e~

1/2 Ruq05(s) + 3C0H"(aq)

4 H0, 2e-

Ru03+2H,0(s) + 40H-(aq)

2 0H~, 1 Hp0 2
——— . ¢
Ru205(s)v__~_ RuU2 2H.20(s) + Ran ‘aq)

1 Hg0, e-
Rulj-2Hy0 To=———" Ru(DH)3+HpD(s) + OH-(aq)

46° = 5.5 kI mol~

E° =

E° =

[8G°

(8G°

[aG®

(aG®

[ac?

[aG°

(e°

fe°

[aG°

1

0.99 V

0.586 v

= 3x102 moi-l vp

= =57 k3 mol'I]

= =99 k3 mol-1)

1

= -18 kI mol "]

-45 k3 mol-1]

u

42 k3 moi-l]

= -130 «J mol™!

0.33 V]

0.34 v}

1

= -1 kI mol "}

{€° = -0.05 V)

3Ru042_(aq) + 4H,0(1) = 2Ru0,"(aq) + Ru0,+2H,0(s) + 40H™(aq) K° = 6x10

mo1’ kg~

]

9

3
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Ru0a2—(aq) solutions yields two le- reductions (75),the firsi ta
"Ruy0s" which then goes to Rulz+2Hy0(s). However, "Rupls" is

unstable in the 2-10 mol dm-3 NaOH used and rapidly

disproportionates to Ru0p-2Hp0(s). 2) Reduction of Ru04(aq) in HpSQ4
produces "RupOs", but the yield decreases with H504 concentration (27),
and by 5 mal dm-“ no RuoOg formation is observed. 3) Good yields of
"RugOs" could be obtained by reductisn of RuQy in 0.5 mol dm™> M550,
at 1.12 V (27). However, slight departures from this potential gives
rapid reduction to Rulz-2H,0 (27). It thus appears that the

stability field of "RuoOs" extends only slightly below the

oxidation limit for water for moderately acidic to alkaline pH values,
and outside its stability field "Ri;0s" readily disproportionates

or is reduced to RuDy+2Hy0(s).

Cennick and Hurley (76) studied the reacticn
4Ru0y~(aq) + 4 H*(aq) = 3Rub4(aq) + Rudy«2HHD(s) (40)

from pH = 5.01-5.72 for which K® = (2.5:2.9) x 1027 mol~> kg>. A
powdered ruthenium catalyst was used.

Reduction of ) 10-% mol kg-l RuD4(aq) by H0 in aqueous HC1Gy

yields the hydroxy tetramer Rua(OH)124+(aq), as does potentiometric pH
titration of 5 x 10-3 - 2x10-% mol kg-! Ru(Iv) in acidic nitrate or
methanesulfonate solutions (2,77).

It is possible to isolate monomeric Ru(ﬂH)zz*(aq) by ion-exchange from
solutions prepared by reduction of RuD4 with Hy0, (14,78). GOther workers
(22,79) suggested that various monomeric Ru(IV) species are more important
than polymers in aged systems. However, solubility experiments and
spectroscupic measurements indicate that it takes several months or langer
for the monomer/polymer reaction to reach eguilibrium (2,22,80). Chloro
complexes of these same monomeric cations form in HCl solutions (81).

Charge per ion and charge per ruthenium determinations confirm the
existence of Ru(OH)92*(ag) and Ruy(GH)159t(aq), as vo solubility
measurements as a function oV the Ru(IV) concentration and pH for fresh
precipitates (2). Using solubility data and Gibbs energies or
formation we calculate the polymerization constant cof

4Ru(OH)22*(aq) + 8H0(1) = Rug(OR)12%%(aq) + 4H*(aq) (al)
to be K° = 1.5x107 mol kg~l. Far neutral Ru(OH),4(an) we have
4RU(DH)4(aq) + 4H*(aq) = Rug(OH)124+(aq) + 4HR0(1) (42)

for which K° = 2.6x10%% mol=7 kg’. The experimental AGF° for Rubz¢2H,0(s)
is based on three studies with fresh precipitates (2).

However, it was necessary to assume the same value for aged precipitates
(22) to calculate aGf vor Ru{OH)4(aq) fram equation 14 since there are na
4Gr, data for aged precipitates. This value, aGs (Ru(OH)4,aq) =

8G¢” (Rulg+2H7Q,s) - RTLiKg® = -655.9t14 k1 mol-L, was not reported
previously.

Electrolytic reduction of RU4(UH)12“*(aq) accurs in four one electron
steps (2)



RuA(OH)?;nqn(aq) + e + ¥ (aq) = RuA(OH)lo on(8Q) + 20,0(1) (43)

where n = 0 to 3. These reduction potentials are listed in Table 3 and are
uncertain by 0.02-0.05 V, mainly because most studies were done in HC.0,
which slowly oxidizes Ru(III) and lower valence tetramers.

#£11 of these mixed valence tetramers are unstable with regard to
disproportionation to Rug(OH)17%*(aq) and Ru3+(agq). Alsa, Rua(DH)aa+§aq)
spontaneously depolymerizes with first order kinetics and k = 2,.5x10~

s-1 at 25°C (82). Similarly, the unstable dimer of Ru(III) can be reduced
1rrever51bly to Ru2+(aq).

The redox potential measurements for equatien 43 were done in 0.0l to
2.0 mol_dm=> acid (pH = -0.3 to 2.0), but the majority were at 1.0
mol dm™?. The reduction potentials E° show pH dependences at higher
pH values, so additional hydrolysis may be occurring (83, 84).

Other redox reactions are observed to occur at acidic pH values

Ru09+2H20(s) + &~ + Ho0(1) = Ru(OH)3+Hy0(s) + OH™(aq) (44)
Ru(OH)3-H20(s) + 3e~ + 3H*(aq) = Ru(cr) + 4Hz0(1) (45)
RuO2+2H0(s) + e~ + H*(aq) = Ru(0H)3+HZ0(s) (46)

Although experimental redox potentials are available for these
reactinns, they are fairly uncertain because Ru(OH)3-H;0(s) is
readily ox1dxzed to RuO,+2H,0(s) by traces of oxygen (2). Maore
accurate redox potentiais were calculated from the self consistent
{hermodynamic data.

Table 3 summarizes the redox and chemical equilibrium behavior in
acidic aqueous sclutions.

5.4 Ru(IIT) and Ru(II) in Acidic Solutions
The reduction potential for
Ru3*(aq) + e- = Ru*(aq) wn

. 0.239:0.007 V is well characterxzed (zg &d independent of pH far
pH g 2.9. Salts of Ru(HgO)G + and Ru(Hy0)g~*+ have been isolated
(2, 85), and leave little doubt that these same catiens are present in
acidic aqueous solutions. Above pH = 2.9 the reduction potential
varies with pH, which indicates that hydrolysis is occurring. These
reduction potentlals and spectrophotometric pH titration yield pK =
2.2440.,25 (2) for

Ru>*(aq) + Hp0(l) = Ru(OH)2*(aq) + H*(ag) (48)

Un? Prtunately, these results for Ru3+(aq) Ru(UH)2+(aq), and
Ru?t(aq) cannat be directly related to the thermodynamic results of
Tables 2 and 3, but their 4G¢° values can be obtained within an
additive constant y. Reduction potentials of Ru+(aq) and Ru2+(aq)
to Ru(cr) are unknown, and reduction of Ru(IV) aqueous species does not
yield these species or yields irreversible couples (2). Using known
~16-



TABLE 3. Reactions of Ruthenium in Acidic Solutions

aH*, 2e- 2
RuOA(aq);_____._. Rua,, (aq) + 2H20(1)
p k1%
1/2Ru(1V) + 1/2Rub,(aq)
sHt, 4e”

&, 4e~

Ru(DH)22+(aq) + 2H,0(1)

3HY, e~

> 1/2Rug0s(s) + 3/2H,0(1)

M, e
Ru, (OH),3* (aq) f___f__; Ru, (OH), 0" (a9) + 24,0(1)
2, e
Ru, (OH).8*(aq) + 2H,0(1)
4 (g 2
Hsz", e

Rua(UH}67+(aq) + 24,001)

Hzn", e

Ru, (01,2 (ag) + 2H,0(1)
RUD,+ 2H,0(8) o Ru(UH)22+(aq) + 20H (aq)

\ S
\__ Ru(nH)a(aq)

H*, e~
Ru(0H)3+Ho0(s)

Ho0, e~

RUCOK)5+Ho0(5) + OH-(aq)

H?H*, 3e-

Ru(er) + 4Hp0(1)
ERUD,*2H,0(s) = RuA(DH)lg+(aq) + 40H (ag)
RU(OH)3H,0(5) = Ru(OH),* (aq) + OH Can) + H0(1)
RU,05(5) + 3H,0(1) + 2H'(aq)+2e” = 2RUD,+2H,0(s)

- +
‘IRUUA (ag) + 4H (aq) = BRUDa(aq) + Rqu-ZHzo(s)

—_— 4
— 1/4Ru4(on)12*(aq) + H0(1)

E°~1.3 V in H S0,

2

LE® = 1.43 v}

[E° = 1.40 V]

(E° = 1.47 V)

E® = 0.620 V

(E® = 0.705 V]

E® = 0.493 V¥

[E° = 0.401 V}

K" = 8.5x10728 mo1® kg~

k" = 71077 mol kg™t

(E° = 0.78 V]
(E° = -0.05 V]
[E° = 0.63 V)

° -
K. = 7x20™%€ mal

5

kg™

5

3

K. = 1.4x107% no1? kg2

{E° = 1.17]

K = 2.5x10%7 mal

-5

kg5

T17-



chemical properties of ruthenium we estimated concordant values of y

in three ways (2). However, there is some uncertainty, so calculated
tedox couples between Ru3*(aq), RuZ*(aq), or Ru(OH)2+(aq) with

other species and compounds in Tables 2 and 3 will be uncertain by about

8.15 v far 1 e~ reactians (2).
Using the value of y we can estimate potentials for several additional
reactions. They are given in Table 4.

TABLE 4. Reactions of Lower Valence Ruthenium Species

u

R (ag) + o = Rre®*(aq) E =0.239 v

H20

o - -
Y rueZeaq) + H'aq) K = 5.8x107° mol kg™l

b

RU(OH),*(aq) + H'(aq)  [K = 0.05 mol ko]

Je~ °
- * Ru(cr) (E =+ 0.60 V)
RuZ*(aq) + 2¢” = RuCer) (" = +0.78V)
RUD,-2M,0(s) + &7 = Ru(BH),"(aq) + 20H (aq) (E = -0.99 V)

6. POTENTIAL-pH DIAGRAMS AND SOLUBILITY CALCULATIONS

Solubility and potential-pH calculations were performed far the Ru-H»0
system at 25°C using the available thermodynamic data base (2) together
with 4G (Ru(DH)4,aq) given above. These calculations were done

by W. L. Bourcier at LLNL using EQ3MR/soluplot (B6).

Figure 1 shows the Ru-H;0 system at various cancentratiens of ruthenium
of 103, 106, and 10-9 mol kg-l. This lllustrates predominance
regions far the variaus aqueous farms of Ru only; solid phases were not
allowed to form. It shauld be noted that within a stability field
significant amcunts of other aqueous forms can be present; e.g., within
the Ruoaz‘(aq) field, RuD4~(ag) and Ru(OH)4(aa) can also occur.

The main feature to natice is that Rua(OH)lza‘(aq) has a large
stability field at higher concentrations, but it gradually disappears
by depolymerization as the total concentration decreases, and stability
fields for Ru(OH)zz‘(aq) and Ru(OH)4(aq) "grow" to replace it.

It shou.d be recalled that various aqueous forms of Ru(IV) take months
or longer to reach equilibrium. If an aqueous solution initially
contained only one Ru(1V) species, then modeling far "short times"
would involve only that species.
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FIGURE 1. Pourbaix diagrams for 10-2, 10-6, and 10-% mol kg-l ruthenium, no

solid phases allowed to form. Dashed lines indicate the water stability
limits.

Figure 2 shows the 1076 mol kgl calculations repeated with solid
phases that precipitate. Two conditions are illustrated: 1) all
possible solid phases were allowed to form, and 2) all but RuDy(cr)
were allowed to form. It was noted above that Ruugz(cr) is the only
truely stable solid oxide, but Ruby<2Ha0, Ru(OH)3-Ho0,

Rugz0s5, and Rul4 form instead under normal laboratory and field
conditions. Thus, "without RuO(cr)™ corresponds to most experiments.
However, if RuOp(cr) forms, then it will remain. Isherwood (87) noted
that RuOz(cr) should be the solubility controlling phase for Ru produced
in an underground nuclear explosion. Similar calculations at

10~3 and 102 mol kg~l with RuGz(cr) predict formation of_solid phases

virtually the same as the 10-6 mol kg-l case, as does 10-3 mol kg~ "without

RuOp(cr)". However, for 10-2 mol kg-l ruthenium "without RuGy(cr)®, only
Ru(cr) can form as a salid.
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FIGURE 2. Pourbaix diagrams for 10-6 mol kg~l Tuthenium with and
without Rufip(cr). Dashed lines indicate the water stability limits.
The hatched lines indicate solid-solid and solid-solution boundaries.
For "with Rufp(cr)" the only solid phases are RuOz{cr) and Ru(cr); for
"without RuOa(cT)" the solid phases are Rupl;(s), RuDge2H)0(s),
Ru(0i)3+Hp0(s), and Ru(cr).

Figure 3 shows the total ruthenium solubility corresponding to O,
saturated Ho0 (2.5 x 10-4 mol kg-1 07, 0y fugacity = 0.2 atm) with and
without Rub(cr). Solubility calculations with Rubz(cr) predict much
lower solubilities than without it. Knowing the chemical form of the
solid phase initially present would allow a choice as to which of these
solubility curves is appropriate for a particular applicatior.. Under
reducing conditlons corresponding to the hematite/magnetite buffer,
Ru(cr% bacomes the solid phase and solubilities are predicted to be

< 10-2 mal kg-1 which is negligible.

vershal et al. (22) found that the solubility of Ru(1V) increased with
pH for pH ., 7, and attributed this to formatian af Ru(OR)s5 (aq).

Figure 3 indicates that partial oxidation of Ru(OH)4(aq) to

Rub4~(aq) and Ru042'(aq) n-obably caused their solubility

increase rather than Ru(OH)s~(aq) since they did not exclude air.

In fact, our predicted solubilities for 0 saturated Hy0 "without
Rubo(cr)" in Figure 3 agree quite well with the average of Varshal et
al's (22) solubilities “from above"™ and "from below" for aged solutions
in the pH range 4-10. In addition, the solubility increase beginning
at pgH =4 is close to the experimental pH value (22).

Our predicted solubilities for pH ¢ 4 are based mainiy on data for
Rua(OH)12“+(aq). Experimental solubilities for moncmeri::

species at pH ¢ 4 differ from each other by Z-3 orders ~f magnitude
(14,22) and are all lower than for the tetramer, and may reflect
non-equilibrium speciation differences in the aqueous phase and real
differences in the solid "hydrsted RuOy". The lower soiublilities are
for well aged solutions; this would be expected if partial dehydrstion
of RuQy+2H-0(s) is occurring at low pH values. Much higher
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FIGURE 3. Predicted solubilities and speciation fc. ruthenium in air
saturated water without RuOp(cr) and solubilities with RuOp(cr).

cancentrations can be obtained fur freshly prepared solutions:

10-2 mol dm=> Ru(Iv) in 1 mol dn-> (84) or 3-4 mol dm~3

HC104(79), and 0.3 mol dm=2 Ru{Iv) in 9 mol dm~> HC104¢40). It is possible
that the UH'—to-Ru(IV) ratio may become <2 at these high acidities.

The solubility curve for "with RuOz(cr)" is six orders of magnitude lower
than for "without RuOz(cr)". There are no directly measured solubilities
for Rulg(cr) so they were estimated from AGf values; these

estimated solubilities are uncertain by several orders of magnitude. Very
low selubilities for Rudg(cr) are concordant with its use as dimensionally

stable electrodes in the chlor-alkali pracess (2).
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