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Abstract Results of solubility experiments involving crystalline nickel oxide (bunsenite)
in aqueous solutions are reported as functions of temperature (0 to 350 °C) and pH at
pressures slightly exceeding (with one exception) saturation vapor pressure. These exper-
iments were carried out in either flow-through reactors or a hydrogen-electrode concentra-
tion cell for mildly acidic to near neutral pH solutions. The results were treated success-
fully with a thermodynamic model incorporating only the unhydrolyzed aqueous nickel
species (viz., Ni2+) and the neutrally charged hydrolyzed species (viz., Ni(OH)0

2). The
thermodynamic quantities obtained at 25 °C and infinite dilution are, with 2σ uncertain-
ties: log10 Ko

s0 = (12.40 ± 0.29),ΔrG
o
m = −(70.8 ± 1.7) kJ·mol−1; ΔrH

o
m = −(105.6 ±

1.3) kJ·mol−1; ΔrS
o
m = −(116.6 ± 3.2) J·K−1·mol−1; ΔrC

o
p,m = (0 ± 13) J·K−1·mol−1; and

log10 Ko
s2 = −(8.76±0.15); ΔrG

o
m = (50.0±1.7) kJ·mol−1; ΔrH

o
m = (17.7±1.7) kJ·mol−1;

ΔrS
o
m = −(108 ± 7) J·K−1·mol−1; ΔrC

o
p,m = −(108 ± 3) J·K−1·mol−1. These results are

internally consistent, but the latter set differs from those gleaned from previous studies
recorded in the literature. The corresponding thermodynamic quantities for the formation
of Ni2+ and Ni(OH)0

2 are also estimated. Moreover, the Ni(OH)−
3 anion was never observed,

even in relatively strong basic solutions (mOH− = 0.1 mol·kg−1), contrary to the conclusions
drawn from all but one previous study.
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1 Introduction

Thermodynamic data for nickel aqueous species are required to understand and model mass
transport, deposition and speciation in electric power plant water-steam cycles, especially
those in pressurized water reactors, PWRs, where Ni-based alloys play a vital role in their
construction. Pourbaix diagrams establish that nickel oxide is stable at PWR operating con-
ditions [1, 2] to just below the hydrogen line, indicating that the potential for stress corrosion
cracking, SCC, exists immediately below this field. These diagrams also highlight the impor-
tance of defining the vertical pH boundaries, outside of which ionic nickel species (claimed
to be predominantly Ni2+ and Ni(OH)−

3 ) are dominant and intragranular SCC becomes an
active corrosion mechanism [1, 3].

A combined EXAFS, near-IR and molecular dynamics study [4] of 0.2 mol·kg−1 NiBr2

solutions including some with additional 0.8 mol·kg−1 NaBr from ambient temperatures
to 525 °C concluded that the six-coordinate Ni(H2O)2+

6 structure persists through 325 °C.
The transition to a (distorted) tetrahedral four-coordinate structure becomes apparent at
325 °C, enhanced no doubt by the formation of bromide complexes. Therefore, over the
temperature range of the current investigation, the octahedral hexaaquonickel(II) ion may
be assumed to exist, but the structure of the corresponding hydrolyzed species is a subject
for conjecture, although the configuration of the Ni(II) metal center is apparently more re-
sistant to change with temperature and ligand concentration than either those of Co(II) or
Zn(II) [4].

In aqueous solution, Ni2+ undergoes hydrolysis with increasing pH to form Nim(OH)2m−n
n

species postulated according to the following equilibria [5]:

NiO(cr) + 2H+ � Ni2+ + H2O(l) (1)

NiO(cr) + H+ � Ni(OH)+ (2)

NiO(cr) + H2O(l) � Ni(OH)0
2 (3)

NiO(cr) + 2H2O(l) � Ni(OH)−
3 + H+ (4)

NiO(cr) + 3H2O(l) � Ni(OH)2−
4 + 2H+ (5)

NiO(cr) + 1.5H+ � 0.5Ni2(OH)3+ + 0.5H2O(l) (6)

NiO(cr) + H+ � 0.25Ni4(OH)4+
4 (7)

The speciation dependence on pH can also be expressed in terms of the overall hydrolysis
equilibria as follows:

Ni2+ + H2O(l) � NiOH+ + H+ (8)

Ni2+ + 2H2O(l) � Ni(OH)0
2 + 2H+ (9)

Ni2+ + 3H2O(l) � Ni(OH)−
3 + 3H+ (10)

Ni2+ + 4H2O(l) � Ni(OH)2−
4 + 4H+ (11)

The hydrolysis constants (at infinite dilution) corresponding to the four last equilibria are
respectively defined as Ko

11,K
o
12,K

o
13 and Ko

14 in this paper.
There have been four studies of the solubility of NiO (Bunsenite) to high temperatures

(≤ 320 °C) carried out over the last three decades [1, 6–8]. The earliest results of Macdonald
[1] are very discrepant from those of the later studies. Tremaine and LeBlanc [6] stated that
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Fig. 1 (a) Logarithm of the
second hydrolysis constant of
nickel(II) (Eq. 9) versus
reciprocal temperature (kelvin)
where the data were taken from
the studies of: long-dashed line,
Tremaine and Leblanc [6];
short-dashed line, Ziemniak et al.
[7]; dash-dot-dotted line,
Ziemniak et al. [8]; and ◦, is the
value predicted by Baes and
Mesmer [10]. (b) Logarithm of
the third hydrolysis constant of
nickel(II) (Eq. 10) versus
reciprocal temperature (kelvin)
where the lines were taken from
the studies of (1) Tremaine and
Leblanc [6], and (2) Ziemniak et
al. [7], respectively, and the
circular symbol represents the
value predicted by Baes and
Mesmer [10]

(a)

(b)

the fit of their log10 Ko
s0 (Eq. 1) versus temperature data below 200 °C was insensitive to the

choice of the log10 Ko
11 value (Eq. 8). Ziemniak et al. [7] ignored the presence of NiOH+ in

their original data treatment, although it was revised to −(9.44 ± 0.11) at 25 °C in their later
study [8].

The temperature dependence of log10 Ko
12 (Eq. 9) was derived by Ziemniak et al. [7] from

their solubility data in phosphate-buffered and NaOH solutions, constrained by assuming a
constant enthalpy of reaction of −99.6 kJ·mol−1 [9]. In their more recent study [8], ammonia
buffers and NaOH were employed and significantly lower log10 Ko

12 values were reported.
Both values from the two studies of Ziemniak [7, 8], as well as the log10 Ko

12 values extracted
from the solubility measurements of Tremaine and Leblanc [6] and the value reported by
Baes and Mesmer [10] are shown in Fig. 1a as a function of reciprocal temperature (kelvin).

The lines in Fig. 1b, which represents log10 Ko
13 (Eq. 10) as a function of reciprocal

temperature, were taken from experiments by Tremaine and LeBlanc [6] from 150 to 300 °C
and those of Ziemniak et al. [7] from 17 to 287 °C, whereby Ni(OH)2(cr) was assumed to be
the solubility-limiting phase below 195 °C. Note that the Ni(OH)−

3 species was not detected
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Fig. 2 XRD pattern of NiO crystals (Alfa Aesar Chemical Co.) after heating overnight twice in an air oven
to 1000 ◦C

in the 2004 study by Ziemniak et al. [8]. The Ni(OH)2−
4 species was not identified in any of

the high-temperature studies carried out to date.

2 Materials and Methods

2.1 Treatment and Characterization of the NiO Solid Phase

Well-crystallized nickel oxide was obtained from Alfa Aesar Chemical Co. (Puratronic®
grade, 99.998% (metal basis), lot 22356). In some experiments this material was used as
received, but in most cases it was first heated twice overnight in an air oven to 1000 °C to
increase the average size and crystallinity of the particles. The XRD pattern and SEM image
of this recrystallized NiO are presented in Figs. 2 and 3, respectively. Its surface area as
determined by BET (nitrogen) analysis was (0.26 ± 0.02) cm2·g−1.

2.2 Hydrogen Electrode Concentration Cell (HECC)

The general design and function of the HECC as applied to solubility measurements have
been described previously [11] for measurements of the kinetics of dissolution and pre-
cipitation near equilibrium [12], and most recently for measurements of the solubility of
β-Ni(OH)2(cr) [13]. The use of this cell obviates the need to control pH either by addition
of excess acid or base, in which case the pH must be determined by a mass-balance calcu-
lation which also requires knowledge of the nickel species in solution (see, Eqs. 8–11), or
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Fig. 3 SEM image of NiO
crystals (Alfa Aesar Chemical
Co.) after heating overnight twice
in an air oven to 1000 ◦C

through the use of pH buffering agents which might interact with the nickel species in so-
lution to form nickel complexes which enhance the solubility of NiO. Indeed, for this study
at low temperatures especially, the former approach cannot be applied to acidic solutions as
the solubility is too high, i.e., virtually all the free acid is consumed by reaction 1. However,
the HECC was only applicable at low to near-neutral pH, because reduction of the dissolved
nickel by the prevailing hydrogen atmosphere became evident at pH values where hydrolysis
was significant.

The initial configuration of the cell in a typical NiO solubility experiment involved acidic
reference and test solutions (separated by the liquid junction, ||) as follows:

H2, Pt | F3CSO3H, F3CSO3Na || F3CSO3H, F3CSO3Na, NiO(cr) | Pt, H2

m1 m2 m3 m4

The hydrogen ion molality in the test compartment, mH+ , was determined relative to the
known molality in the reference compartment, mH+ref., from the Nernst equation:

pHm ≡ − log10 mH+ = − log10 mH+ref. + (E + ELJ)F/(2.3026RT ) (12)

where T is the temperature expressed in kelvin, E is the measured cell potential, ELJ is
the estimated liquid-junction potential calculated from the complete Henderson equation
as presented by Baes and Mesmer [10], and F,R and T represent the Faraday constant,
universal gas constant and temperature in kelvin, respectively. The largest ELJ values were
recorded for the 0.03 mol·kg−1 ionic strength titrations (i.e., |ELJ| = 4.8 mV when the test
solution was near neutral pHm, leading to an uncertainty in pHm of ca. 0.01 [10]).

The inner Teflon cup contained the reference solution of known stoichiometric hydrogen
ion molality, whereas the outer cup held the test solution containing a suspension of NiO(cr)
(typically ca. 1 g of solid in ca. 65 mL of solution) at the same constant ionic strength em-
ploying sodium trifluoromethanesulfonate (F3CSO3Na, a non-complexing 1:1 electrolyte).
In general, m2 = m4 at the start of the experiment and the ratio m1 : m2 (or m3 : m4) was
< 0.1 in order to minimize both liquid-junction contributions to the measured potential
and activity coefficient differences between the two solutions. An Ar/H2 gas mixture was
used instead of pure hydrogen to fix the prevailing hydrogen fugacity in order to minimize
reduction of the solid phase to metallic nickel. After the initial purging process, which was
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repeated eight times to 30 MPa, the hydrogen/argon pressure was regulated to approximately
1 MPa at room temperature.

The temperature was controlled to ≤ ±0.1 °C and was cycled in different directions from
different starting values to gauge whether true equilibrium conditions were achieved. Cy-
cling of temperature is equivalent to approaching the equilibrium solubility from under- and
over-saturation. Most of the HECC experiments were begun at 100 °C rather than at 25 °C
to accelerate the approach to equilibrium, but those begun at lower temperatures gave the
same results within the combined experimental error, again indicating that true thermody-
namic equilibrium had been established. For measurements made below 25 °C the cell was
transferred from the silicon oil bath to a bath containing an ice/water mixture.

Aliquots of the test solution were withdrawn through a porous platinum frit gold-welded
to the bottom of a platinum dip tube to prohibit particles from entering the tube that could
serve as seeds promoting precipitation during the sampling process. Samples were collected
at a titanium valve fitted with a 0.2 µm fluoro-polymer filter into preweighed polypropylene
syringes containing a known mass of high purity 0.2% HNO3 (JT Baker Ultrex Reagent)
for subsequent chemical analysis of the nickel content. Generally, a solution sample was
collected daily with longer periods being required before the first sample was taken. The
self-buffering effect due to the dissolution of NiO(cr) resulted in rather constant Ni concen-
trations in most of these experiments whereas the pHm values changed dramatically thereby
providing a sensitive indicator of the attainment of equilibrium. Therefore, liquid samples
were only taken when the pHm reading reached a constant value for several hours. The
surprising speed with which equilibrium was attained with the HECC especially at low tem-
peratures is attributed to the efficient stirring effect that kept the solid particles suspended
exposing all faces to the solution.

2.3 High Temperature Flow Through Cell

This apparatus, which was first described by Bénézeth et al. [14], was used for solubility
measurements from 200 to 350 °C. It is important to note that downstream from the outlet
closure of the cylindrical reactor, a short section of platinum/rhodium tubing was inserted
into the sampling line to serve as a mixing chamber, which allowed a 0.6% nitric acid so-
lution to be pumped into the saturated nickel solution outlet stream at the experimental
temperature and pressure, thereby ensuring that nickel hydroxide/oxide did not deposit on
the walls of the sampling line. The temperature and pressure stabilities were < ±0.2 °C and
< ±0.3 MPa, respectively. Samples were generally taken at feed-solution flow rates of 0.03
to 0.3 mL·min−1 while the HNO3 injection rate was ranged from 0.01 to 0.1 mL·min−1,
respectively.

Dilute trifluoromethanesulfonic acid, ammonia and sodium hydroxide feed solutions
were used to control pH. Ammonia becomes a weak ligand for transition metal ions at these
high temperatures such that its complexation effect on the prevailing nickel(II) concentration
could be ignored [15, 16]. For example, a 2 mol·kg−1 NH3 solution might be expected to
produce a ratio mNi(NH3)2+/mNi2+ of 0.96 at 25 °C and 0.05 at 200 °C [17]. The higher-order
complexes are certainly negligible at high temperatures although the strengths of the mixed
aminohydroxo complexes are unknown.

For those experiments, in which mixtures of ammonia and trifluoromethanesulfonic acid
was used to buffer the pHm, an iterative Fortran code was used that took into account the
acid-association constant of ammonia:

NH3(aq) + H+ � NH+
4 (13)
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taken from the results reported by Hitch and Mesmer [17], namely:

log10 QNH3 = −3.222 + 3048.5/T + 1.1264 × 10−2T − 1.18917 × 10−5T 2 (14)

where T is the temperature expressed in kelvin.
The isocoulombic nature of this equilibrium allows the assumption that log10 QNH3 =

log10 Ko
NH3

.

2.4 Low Temperature Flow Through Cell

This apparatus [13], which was utilized for five series of solubility measurements at 25 °C
and three at 50 °C, consists of three PEEK chromatography columns (25 cm long× 7.5 mm
in diameter) connected in series. The columns were submerged in a water bath maintained
within ±0.1 °C. The outlet stream was collected into a weighed polypropylene syringe into
which a weighed amount of 0.2% ultra pure nitric acid had been added. The syringe and
PEEK line leading to it were immersed in the bath as a precaution to prevent deposition
before the sample reached the acidified solution in the syringe. An HPLC pump, which ex-
posed the feed solution to only Teflon and sapphire, maintained, in most of the experiments,
a constant flow rate of 0.02 mL·min−1, but higher rates up to 0.2 mL·min−1 were also used
occasionally at 50 °C. Consequently, the approximate residence time for the feed solution
in the NiO(cr) bed was ten hours. One series of samples was collected in which boric acid–
borate was used as a pH buffer. The main intent of these experiments was to gather data
at high pHm to determine the second NiO solubility constant (Eq. 2), which could not be
ascertained from the HECC experiments.

For the single series in which boric acid was used to buffer the pHm of the solution, the
following expression was used [18]:

log10 QB(OH)3 = 3645.18/T + 11.6402 log10 T + (16.4914 − 0.023917T ) log10 ρw

− 36.2605 − 0.11902Im − 36.3613ImFI/T − 0.72132I 2
m log10 ρw (15)

where: T is the temperature in kelvin, FI = (1.0 − (1.0 + 2.0I 0.5
m )e(−2.0I0.5

m ))/(2.0Im) and ρw

is the density of water (g·cm−3) [19].
The appropriate dissociation constant of water, Qw, was calculated at temperature, T ,

from Marshall and Franck [20], and the Meissner-based activity coefficients [21] were cal-
culated to determine Qw at ionic strength Im. No corrections were required to take into
account the dissolution of NiO(cr), because these concentrations were too low to affect the
pHm calculation.

2.5 Sample Handling and Analytical Methods

Samples were collected directly into either polyethylene bottles or polypropylene syringes,
which had been presoaked in 0.2% nitric acid for at least 24 hours then rinsed ten times
with water immediately prior to use, or presoaked polypropylene syringes containing 0.2%
nitric acid (prepared from 70% JT Baker Ultrex Reagent acid). Stock solutions of NaOH,
F3CSO3H, F3CSO3Na, NH3 and B(OH)3 were prepared from ultra-pure reagents: 50% (by
weight) NaOH solution (Mallinckrodt AR grade); concentrated F3CSO3H (Alfa Aesar) pu-
rified by vacuum distillation; solid F3CSO3Na prepared and recrystallized as described in
Palmer and Hyde [22] and solid B(OH)3(US Borax). These solutions were prepared with
de-aerated Nanopure water and kept under either a helium or argon overpressure.
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Nickel analyses were performed by various techniques depending on the nickel concen-
tration in the sample: atomic absorption utilizing a graphite furnace (Perkin Elmer 4110ZL)
or flame (Perkin Elmer 3110) spectrophotometer; an ICP (Thermo Jarrell Ash IRIS) or ICP-
MS (Finnigan MAT ELEMENT) with two double-focusing sector fields (SF)-ICP-MSearch.

3 Results and Discussion

The experimental results obtained from 0 to 300 oC are summarized in Tables 1, 2 and 3
for solubility data obtained from the HECC experiments, high-temperature flow-cell exper-
iments and low-temperature flow-cell experiments, respectively.

The measured solubility quotients at finite ionic strengths for the equilibria 1 through 5
can be expressed as:

Qsn = mNi(OH)2−n
n

m2−n

H+
(16)

where mNi(OH)2−n
n

is the molality of the Ni(OH)2−n
n species and mH+ is the measured or

calculated hydrogen ion molality (pHm is defined as − log10 mH+). These quotients can then
be expressed as solubility constants at infinite dilution:

Ko
sn

= Qsnγ
Ni(OH)

2−n
n

a1−n
w /γ 2−n

H+ (17)

In Eq. 17, γ
Ni(OH)

2−n
n

represents the activity coefficient of the Ni(OH)2−n
n species for n = 0–4,

γH+ symbolizes the activity coefficient of the hydrogen ion and aw is the water activity.
In view of the generally low ionic strengths employed in this work, γ

Ni(OH)02
for the neu-

trally charged species is assumed to be unity. The activity coefficients for the other Ni species
were derived from the Meissner equation [21] with the implicit assumption that for an ion of
charge, z : γ|z| = γ z2

±(NaCl), where γ±(NaCl) is the molal single-ion activity coefficient of NaCl.
The advantage of this approach is that accurate γ±(NaCl) values are available from Archer
[19] over the entire temperature range accessed in this investigation. The corresponding wa-
ter activities were also taken from Archer [19]. Table 4 lists activity coefficients calculated
from the simple Debye-Hückel equation, as favored previously [6, 7], and the Meissner
equation (i.e., those for NaCl [19]) and experimental values for NaOH [24] which was the
dominant electrolyte in the high pHm flow-cell experiments. For the HECC experiments, the
Ni2+ and H+ were minor components of the electrolyte mixture dominated by F3CSO3Na.

An excellent review of nickel chemistry [5] established that neither the bi- nor tetra-
nuclear Ni species defined in Eqs. 6 and 7 were significant at the nickel concentrations
employed in the present study so that (from Eqs. 1–5) the total or measured molality of
nickel(II) in solution is given by:

mNi = mNi2+ + mNi(OH)+ + mNi(OH)0
2
+ mNi(OH)−3 + mNi(OH)2−

4

= Qs0m
2
H+ + Qs1mH+ + Qs2 + Qs3/mH+ + Qs4/m2

H+ (18)

Figure 4 depicts the dependence of the logarithm of the nickel molality on pHm corrected to
infinite dilution at 25 °C. The symbols represent the individual data points from the HECC
and flow-cell techniques with the solid curve being derived from fits of the combined results
of this study (Eqs. 20 and 21 which are discussed below). It can readily be seen that despite



688 J Solution Chem (2011) 40: 680–702

Table 1 Summary of the solubility data for nickel oxide from the HECC experiments (the experimental
uncertainty in log10 Ko

s0 is given as 2σ)

Run Nr. t/ ◦C p/ MPa aw Im pHm γ±(NaCl) log10 mNi log10 Ko
s0

18-9 0.3 5.9 0.9989 0.0307 8.718 0.852 −3.200 14.10 ± 0.05

18-10 0.3 6.1 0.9989 0.0307 8.727 0.852 −3.189 14.13 ± 0.05

17-8 4.0 6.3 0.9989 0.0316 8.552 0.851 −2.790 14.17 ± 0.05

17-9 4.1 6.6 0.9989 0.0316 8.565 0.851 −2.790 14.20 ± 0.05

18-7 4.5 5.5 0.9989 0.0307 8.575 0.853 −3.202 13.81 ± 0.05

18-8 4.4 5.6 0.9989 0.0307 8.582 0.853 −3.202 13.82 ± 0.05

17-6 24.9 5.7 0.9989 0.0317 7.707 0.847 −2.786 12.48 ± 0.05

17-7 24.9 6.2 0.9989 0.0317 7.749 0.847 −2.792 12.56 ± 0.05

18-5 24.7 5.5 0.9989 0.0307 7.909 0.849 −3.199 12.48 ± 0.05

18-6 24.7 5.5 0.9989 0.0307 7.911 0.849 −3.200 12.48 ± 0.05

18-3 49.7 4.4 0.9989 0.0307 7.042 0.843 −3.205 10.73 ± 0.05

18-4 49.7 5.0 0.9989 0.0307 7.042 0.843 −3.206 10.73 ± 0.05

17-4 50.0 5.9 0.9989 0.0317 6.946 0.842 −2.787 10.96 ± 0.05

17-5 50.0 6.0 0.9989 0.0317 6.922 0.841 −2.788 10.91 ± 0.05

18-1 99.9 2.9 0.9989 0.0307 6.075 0.826 −3.218 8.77 ± 0.05

18-2 99.9 3.1 0.9989 0.0307 6.076 0.826 −3.219 8.77 ± 0.05

17-1 100.0 4.2 0.9989 0.0316 5.834 0.824 −2.800 8.70 ± 0.05

17-2 99.8 4.5 0.9989 0.0316 5.822 0.824 −2.798 8.68 ± 0.05

17-3 99.9 5.2 0.9989 0.0316 5.833 0.824 −2.801 8.70 ± 0.05

3-5 152.4 2.6 0.9990 0.0252 6.076 0.815 −4.393 7.58 ± 0.05

3-6 152.5 2.5 0.9990 0.0252 6.067 0.814 −4.416 7.54 ± 0.05

3-7 152.4 2.6 0.9990 0.0252 6.060 0.814 −4.411 7.53 ± 0.05

3-8 152.4 2.6 0.9990 0.0252 6.050 0.815 −4.427 7.50 ± 0.05

3-1 152.4 2.5 0.9990 0.0296 5.321 0.803 −3.321 7.13 ± 0.05

3-2 152.5 2.5 0.9990 0.0296 5.327 0.803 −3.321 7.14 ± 0.05

3-3 152.4 2.5 0.9990 0.0296 5.331 0.803 −3.321 7.15 ± 0.05

3-4 152.4 2.5 0.9990 0.0296 5.330 0.803 −3.321 7.15 ± 0.05

4-2 149.6 2.1 0.9990 0.0305 5.260 0.803 −3.294 7.04 ± 0.05

4-3 149.6 2.2 0.9990 0.0305 5.106 0.803 −3.310 6.71 ± 0.05

4-4 149.7 2.2 0.9990 0.0305 4.990 0.803 −3.320 6.47 ± 0.05

4-1 149.7 2.0 0.9990 0.0306 5.269 0.803 −3.292 7.06 ± 0.05

5-1 150.1 2.5 0.9990 0.0307 5.231 0.802 −3.248 7.02 ± 0.05

4-5 149.7 2.9 0.9990 0.0327 4.612 0.798 −2.819 6.21 ± 0.05

4-6 149.7 3.0 0.9990 0.0330 4.584 0.797 −2.782 6.19 ± 0.05

13-3 149.8 2.9 0.9967 0.1006 5.095 0.712 −3.264 6.63 ± 0.06

13-4 149.8 3.0 0.9967 0.1006 5.203 0.712 −3.275 6.84 ± 0.06

13-5 149.9 3.2 0.9967 0.1006 5.220 0.712 −3.281 6.86 ± 0.06

16-1 149.7 3.4 0.9967 0.1010 5.046 0.705 −3.184 6.60 ± 0.06

7-1 149.7 3.1 0.9966 0.1028 4.702 0.711 −2.947 6.16 ± 0.06

7-2 149.7 3.0 0.9966 0.1028 4.797 0.711 −2.959 6.34 ± 0.06

7-3 149.9 3.2 0.9966 0.1028 4.777 0.711 −2.957 6.30 ± 0.06

7-4 149.7 3.2 0.9966 0.1028 4.767 0.711 −2.956 6.28 ± 0.06

12-6 149.8 3.5 0.9903 0.3018 4.751 0.628 −2.785 6.31 ± 0.07

10-1 149.8 2.6 0.9903 0.3019 4.642 0.628 −2.760 6.12 ± 0.07

11-4 149.9 3.1 0.9903 0.3019 4.889 0.628 −2.765 6.60 ± 0.07
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Table 1 (Continued)

Run Nr. t/ ◦C p/ MPa aw Im pHm γ±(NaCl) log10 mNi log10 Ko
s0

11-5 149.9 3.2 0.9903 0.3019 4.891 0.628 −2.767 6.61 ± 0.07

12-7 149.8 3.7 0.9903 0.3019 4.756 0.628 −2.780 6.32 ± 0.07

12-5 149.8 4.6 0.9903 0.3020 4.748 0.629 −2.768 6.32 ± 0.07

3-9 203.3 4.0 0.9992 0.0254 5.578 0.783 −4.602 6.34 ± 0.05

3-10 203.3 4.1 0.9992 0.0254 5.559 0.783 −4.598 6.31 ± 0.05

3-11 203.4 4.2 0.9992 0.0254 5.539 0.783 −4.583 6.28 ± 0.05

3-12 203.4 4.2 0.9992 0.0254 4.817 0.783 −3.389 6.03 ± 0.05

3-13 203.3 4.2 0.9992 0.0254 4.811 0.783 −3.383 6.03 ± 0.05

3-14 203.4 4.2 0.9992 0.0254 4.805 0.783 −3.451 5.95 ± 0.05

2-1 203.3 3.6 0.9990 0.0297 4.607 0.771 −3.379 5.61 ± 0.05

2-2 203.3 3.6 0.9990 0.0297 4.526 0.771 −3.370 5.46 ± 0.05

2-3 203.3 3.6 0.9990 0.0297 4.435 0.771 −3.371 5.27 ± 0.05

2-4 203.3 3.7 0.9990 0.0297 4.546 0.771 −3.747 5.12 ± 0.05

5-3 199.9 3.7 0.9990 0.0306 4.462 0.771 −3.283 5.42 ± 0.05

5-2 200.0 3.9 0.9990 0.0307 4.501 0.771 −3.276 5.50 ± 0.05

5-4 199.9 4.1 0.9990 0.0307 4.434 0.771 −3.265 5.38 ± 0.05

5-5 199.8 4.1 0.9989 0.0328 4.177 0.766 −2.807 5.32 ± 0.05

5-6 199.7 3.9 0.9989 0.0329 4.171 0.765 −2.796 5.31 ± 0.05

13-1 199.9 4.1 0.9968 0.1007 4.603 0.667 −3.283 5.57 ± 0.06

13-6 199.9 4.4 0.9968 0.1007 4.786 0.667 −3.282 5.94 ± 0.06

13-7 199.9 4.7 0.9968 0.1007 4.771 0.667 −3.283 5.91 ± 0.06

13-8 199.9 4.9 0.9968 0.1007 4.789 0.667 −3.295 5.93 ± 0.06

13-2 199.9 4.2 0.9968 0.1008 4.650 0.667 −3.269 5.68 ± 0.06

14-1 199.5 6.0 0.9967 0.1021 4.338 0.667 −3.114 5.21 ± 0.06

14-2 199.5 5.9 0.9967 0.1024 4.311 0.667 −3.041 5.23 ± 0.06

7-6 199.8 4.7 0.9967 0.1029 4.220 0.665 −2.968 5.12 ± 0.06

7-5 199.8 4.7 0.9967 0.1030 4.227 0.665 −2.961 5.14 ± 0.06

8-1 199.8 3.7 0.9906 0.3027 4.067 0.568 −2.752 4.89 ± 0.07

8-2 199.8 3.5 0.9906 0.3026 4.125 0.568 −2.770 4.99 ± 0.07

8-3 199.8 3.7 0.9906 0.3026 4.113 0.568 −2.767 4.96 ± 0.07

8-4 199.8 3.7 0.9906 0.3025 4.143 0.568 −2.782 5.01 ± 0.07

11-1 199.8 4.3 0.9906 0.3020 4.359 0.569 −2.817 5.41 ± 0.07

11-2 199.8 4.4 0.9906 0.3022 4.392 0.569 −2.793 5.50 ± 0.07

11-3 199.8 4.5 0.9906 0.3023 4.389 0.569 −2.782 5.50 ± 0.07

11-6 199.8 5.0 0.9906 0.3022 4.322 0.569 −2.767 5.38 ± 0.07

12-1 199.8 4.9 0.9906 0.3020 4.353 0.569 −2.831 5.38 ± 0.07

12-2 199.8 4.9 0.9906 0.3024 4.263 0.569 −2.779 5.25 ± 0.07

12-3 199.8 5.0 0.9906 0.3025 4.251 0.569 −2.763 5.25 ± 0.07

12-4 199.8 5.0 0.9906 0.3024 4.251 0.569 −2.777 5.23 ± 0.07

3-15 254.3 7.2 0.9992 0.0254 4.311 0.740 −3.494 4.87 ± 0.06

3-16 254.3 7.3 0.9992 0.0254 4.292 0.740 −3.454 4.87 ± 0.06

3-17 254.2 7.4 0.9992 0.0254 4.271 0.740 −3.441 4.84 ± 0.06

5-7 249.6 6.8 0.9989 0.0330 3.659 0.721 −2.810 4.22 ± 0.06

5-8 249.5 6.6 0.9989 0.0329 3.642 0.721 −2.816 4.18 ± 0.06

5-9 249.5 6.5 0.9989 0.0330 3.545 0.721 −2.815 3.99 ± 0.06

5-10 249.5 7.6 0.9989 0.0328 3.588 0.722 −2.831 4.06 ± 0.06
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Table 1 (Continued)

Run Nr. t/ ◦C p/ MPa aw Im pHm γ±(NaCl) log10 mNi log10 Ko
s0

6-1 249.6 5.6 0.9990 0.0306 4.143 0.727 −3.334 4.67 ± 0.06

6-2 249.6 5.6 0.9990 0.0305 4.072 0.727 −3.396 4.47 ± 0.06

7-7 249.9 7.2 0.9968 0.1038 3.842 0.603 −2.875 4.37 ± 0.07

7-8 249.9 7.1 0.9968 0.1038 3.839 0.603 −2.870 4.37 ± 0.07

8-5 249.8 6.3 0.9910 0.3033 3.789 0.490 −2.766 4.19 ± 0.08

12-8 249.9 8.0 0.9910 0.3026 3.909 0.491 −2.822 4.37 ± 0.08

12-9 250.0 7.9 0.9911 0.3027 3.905 0.491 −2.812 4.38 ± 0.08

13-9 250.0 7.6 0.9969 0.1008 4.222 0.606 −3.321 4.69 ± 0.07

14-3 249.6 8.9 0.9968 0.1024 3.848 0.606 −3.048 4.21 ± 0.07

14-4 249.6 8.9 0.9968 0.1022 3.891 0.606 −3.108 4.24 ± 0.07

16-8 250.1 7.9 0.9969 0.1008 3.923 0.606 −3.380 4.03 ± 0.07

16-9 250.1 8.4 0.9969 0.1009 3.923 0.606 −3.361 4.05 ± 0.07

16-10 250.1 8.7 0.9969 0.1006 3.902 0.607 −3.334 4.04 ± 0.07

8-6 289.9 9.9 0.9916 0.3032 3.541 0.408 −2.810 3.49 ± 0.09

3-18 300.1 12.4 0.9992 0.0262 3.817 0.681 −3.540 3.76 ± 0.06

3-19 300.1 12.4 0.9992 0.0263 4.025 0.680 −3.542 4.17 ± 0.06

3-20 300.1 12.4 0.9992 0.0263 3.998 0.680 −3.530 4.13 ± 0.06

7-9 302.5 12.5 0.9970 0.1031 3.497 0.511 −3.007 3.40 ± 0.08

13-10 297.1 12.3 0.9970 0.1007 3.995 0.526 −3.315 4.12 ± 0.08

14-5 299.6 14.1 0.9970 0.1017 3.481 0.522 −3.141 3.26 ± 0.08

16-11 289.9 12.3 0.9970 0.1017 3.657 0.540 −3.351 3.43 ± 0.08

Fig. 4 Solubility profile for
NiO(cr) at 25 °C and infinite
dilution where the symbols �

and ♦ represent results from the
low-temperature flow-cell
experiments in NaOH and
B(OH)3–NaOH buffered
solutions, respectively, and
◦ represents results obtained with
the HECC. The solid line was
generated from Eqs. 20 and 21,
whereas the long-dashed curve
included the proposed log10 Ko

11
value of −(9.54 ± 0.14) [5]. The
short-dashed and dot-dot-dashed
curves were determined
according to Tremaine and
Leblanc [6], and the model of
Shock et al. [25], respectively

the good agreement at low pHm between the current results and those of Tremaine and
Leblanc [6], at pHm > 9.5 the results diverge with far lower solubilities evidenced from
the current study that can be traced to the absence of the Ni(OH)−

3 species and especially
the Ni(OH)2−

4 species, leaving the Ni(OH)0
2 species to dominate completely at high pHm.



J Solution Chem (2011) 40: 680–702 691

Ta
bl

e
2

Su
m

m
ar

y
of

re
su

lts
fo

r
th

e
so

lu
bi

lit
y

of
N

iO
(c

r)
fr

om
th

e
hi

gh
-t

em
pe

ra
tu

re
flo

w
-c

el
le

xp
er

im
en

ts
w

ith
flo

w
ra

te
s

of
0.

1
an

d
0.

3
m

L
·m

in
−1

fo
r

th
e

F
3
SO

3
H

,N
H

3
an

d
N

aO
H

bu
ff

er
fe

ed
so

lu
tio

ns
,r

es
pe

ct
iv

el
y

(N
o.

sa
m

.r
ef

er
s

to
th

e
nu

m
be

r
of

sa
m

pl
es

an
al

yz
ed

)a

t/
◦ C

N
o.

sa
m

.
p

/
M

Pa
m

F 3
C

SO
3

H
×

10
−3

m
N

H
3

×
10

−3
m

N
aO

H
×

10
−3

I m
×

10
−3

a
w

pH
m

γ
±(

N
aC

l)
lo

g 1
0
m

N
i

lo
g 1

0
K

o s0
lo

g 1
0
K

o s2

20
0.

0
4

13
.1

0
0

12
.5

12
.5

0.
99

96
9.

16
8

0.
83

8
−7

.8
8

±
0.

24
−7

.9
±

0.
2

20
0.

0
13

13
.5

0
0

1.
16

1.
16

1.
00

00
8.

23
6

0.
94

3
−8

.1
5

±
0.

17
−8

.2
±

0.
2

20
0.

0
9

13
.5

0
0

0.
14

8
0.

14
8

1.
00

00
7.

37
3

0.
97

9
−8

.1
5

±
0.

05
−8

.2
±

0.
1

20
0.

0
6

15
.0

0
1.

05
0

0.
61

7
1.

00
00

6.
99

1
0.

95
7

−8
.1

5
±

0.
06

−8
.2

±
0.

1

20
0.

0
10

15
.0

1.
97

5.
80

0
1.

98
0.

99
99

6.
07

3
0.

92
7

−5
.7

2
±

0.
05

6.
36

±
0.

09

20
0.

0
12

15
.0

1.
02

5.
97

0
1.

04
1.

00
00

6.
46

2
0.

94
5

−6
.2

4
±

0.
07

6.
63

±
0.

10

20
0.

0
9

15
.0

0.
55

3
1.

68
0

0.
56

1
1.

00
00

6.
08

8
0.

95
9

−5
.8

5
±

0.
05

6.
29

±
0.

09

20
0.

0
9

14
.0

0
0

10
4.

4
10

4.
4

0.
99

67
9.

88
7

0.
66

8
−8

.3
4

±
0.

09
−8

.3
±

0.
1

25
0.

0
9

12
.0

0
0

10
4.

4
10

4.
4

0.
99

68
9.

70
5

0.
60

6
−8

.0
7

±
0.

10
−8

.1
±

0.
1

25
0.

0
9

12
.0

0
0

29
.7

29
.7

0.
99

90
9.

32
4

0.
73

3
−8

.5
8

±
0.

40
−8

.6
±

0.
4

25
0.

0
10

12
.0

0
0

1.
12

1.
12

1.
00

00
8.

10
8

0.
93

2
−8

.7
1

±
0.

21
−8

.7
±

0.
2

25
0.

0
6

12
.0

0
0

0.
14

5
0.

14
5

1.
00

00
7.

25
9

0.
97

4
−8

.5
9

±
0.

78
−8

.6
±

0.
8

25
0.

0
8

12
.0

3.
73

5.
04

0
3.

78
0.

99
99

4.
76

9
0.

88
2

−4
. 2

7
±

0.
05

5.
16

±
0.

09

25
0.

0
13

12
.0

1.
18

3.
49

0
1.

19
1.

00
00

5.
46

0
0.

93
0

−5
.9

2
±

0.
07

4.
94

±
0.

10

25
0.

0
9

12
.0

0.
30

3
3.

50
0

0.
31

5
1.

00
00

6.
17

4
0.

96
3

−7
.3

0
±

0.
18

5.
02

±
0.

19

25
0.

0
11

12
.0

0
0

0.
15

0
0.

15
0

1.
00

00
7.

27
3

0.
97

4
−8

.6
4

±
0.

08
−8

.6
±

0.
1

30
0.

0
11

14
.0

0
0

0.
15

0
0.

15
0

1.
00

00
7.

42
3

0.
96

7
−8

.2
3

±
0.

32
−8

.2
±

0.
3

30
0.

0
8

14
.0

0
0

1.
12

1.
12

1.
00

00
8.

25
0

0.
91

4
−8

.4
4

±
0.

15
−8

.4
±

0.
2

30
0.

0
10

14
.0

0
0

10
.0

1
10

.0
0.

99
97

9.
06

0
0.

77
8

−8
.3

4
±

0.
17

−8
.3

±
0.

2

30
0.

0
13

11
.6

0
1.

04
0

0.
01

4
1.

00
00

6.
47

1
0.

99
0

−8
.3

5
±

0.
19

−8
.4

±
0.

2

30
0.

0
8

11
.6

0.
50

4
1.

99
0

0.
50

5
1.

00
00

5.
05

9
0.

94
0

−7
.5

0
±

0.
27

2.
56

±
0.

28

30
0.

0
8

11
.6

1.
24

2.
06

0
1.

24
1.

00
00

4.
44

8
0.

90
9

−5
.2

2
±

0.
02

3.
59

±
0.

07

30
0.

0
12

11
.6

0.
20

9
2.

02
0

0.
21

0
1.

00
00

5.
52

0
0.

96
1

−7
.6

8
±

0.
41

3.
33

±
0.

48

30
0.

0
16

11
.6

0.
52

9
1.

99
0

0.
52

9
1.

00
00

5.
03

3
0.

93
9

−6
.6

7
±

0.
10

3.
34

±
0.

12



692 J Solution Chem (2011) 40: 680–702

Ta
bl

e
2

(C
on

ti
nu

ed
)

t/
◦ C

N
o.

sa
m

.
p

/
M

Pa
m

F 3
C

SO
3

H
×

10
−3

m
N

H
3

×
10

−3
m

N
aO

H
×

10
−3

I m
×

10
−3

a
w

pH
m

γ
±(

N
aC

l)
lo

g 1
0
m

N
i

lo
g 1

0
K

o s0
lo

g 1
0
K

o s2

30
0.

0
9

11
.6

0
0

98
.2

98
.2

0.
99

71
9.

77
6

0.
52

1
−8

.2
9

±
0.

35
−8

.3
±

0.
4

35
0.

0
20

17
.8

0
0

1.
50

1.
50

0.
99

99
9.

21
7

0.
85

5
−8

.4
7

±
0.

75
−8

.5
±

0.
8

35
0.

0
15

17
.8

0
0

0.
10

7
0.

10
7

1.
00

00
8.

17
0

0.
95

8
−9

.1
5

±
0.

26
−9

.2
±

0.
3

35
0.

0
16

17
.8

0
1.

99
0

0.
00

4
1.

00
00

6.
72

0
0.

99
2

−8
.7

9
±

0.
18

−8
.8

±
0.

2

35
0.

0
21

17
.8

0.
14

8
2.

04
0

0.
14

8
1.

00
00

5.
08

0
0.

95
1

−8
.6

5
±

0.
28

−8
.7

±
0.

3

35
0.

0
21

17
.8

1.
02

2.
03

0
1.

02
1.

00
00

4.
03

3
0.

87
8

−5
.6

6
±

0.
03

2.
29

±0
.0

8

35
0.

0
16

17
.4

1.
84

0
0

2.
44

0.
99

99
3.

19
0

0.
81

9
−3

.2
3

±
0.

01
2.

98
±0

.0
5

35
0.

0
19

18
.1

0.
20

9
1.

99
0

0.
20

9
1.

00
00

4.
90

9
0.

94
2

−7
.5

6
±

0.
25

2.
21

±0
.2

6

35
0.

0
17

18
.1

0.
50

1
0

0
0.

59
2

1.
00

00
3.

49
7

0.
90

6
−4

.0
4

±
0.

02
2.

87
±0

.0
6

35
0.

0
13

18
.1

0
0

12
.2

12
.2

0.
99

96
9.

88
2

0.
66

1
−8

.8
8

±
0.

39
−8

.9
±

0.
4

35
0.

0
20

18
.1

0
0

12
.6

12
.6

0.
99

96
9.

88
8

0.
65

7
−8

.9
6

±
0.

29
−9

.0
±

0.
3

35
0.

0
17

26
.6

0
0

12
.6

12
.6

0.
99

96
9.

49
0

0.
69

1
−8

.8
2

±
0.

62
−8

.8
±

0.
6

35
0.

0
9

26
.6

1.
31

0
0

1.
65

0.
99

99
3.

20
7

0.
86

7
−3

.4
7

±
0.

02
2.

82
±0

.0
6

35
0.

0
6

16
.0

b
0

0
0

0
1.

00
00

–
1.

00
0

−9
.5

3
±

0.
19

a T
he

lo
g 1

0
m

N
i

va
lu

es
re

pr
es

en
tt

he
av

er
ag

e
fr

om
m

ul
tip

le
sa

m
pl

es
co

lle
ct

ed
at

ea
ch

co
nd

iti
on

an
d

th
e

as
so

ci
at

ed
un

ce
rt

ai
nt

ie
s

ar
e

si
m

pl
y

th
e

av
er

ag
es

of
th

es
e

an
al

ys
es

b
D

ei
on

iz
ed

w
at

er
w

as
us

ed
as

th
e

fe
ed

so
lu

tio
n

fo
r

w
hi

ch
th

e
sa

tu
ra

tio
n

va
po

r
pr

es
su

re
at

th
is

co
nd

iti
on

is
16

.5
M

Pa



J Solution Chem (2011) 40: 680–702 693

Ta
bl

e
3

Su
m

m
ar

y
of

re
su

lts
fo

r
th

e
so

lu
bi

lit
y

of
N

iO
(c

r)
at

0.
1

M
Pa

fr
om

th
e

lo
w

-t
em

pe
ra

tu
re

flo
w

-c
el

l
ex

pe
ri

m
en

ts
at

a
flo

w
ra

te
of

0.
02

m
L
·m

in
−1

(N
o.

sa
m

.r
ef

er
s

to
th

e
nu

m
be

r
of

sa
m

pl
es

an
al

yz
ed

)a,
b

t/
◦ C

N
o.

sa
m

.
m

B
(O

H
) 3

×
10

−3
m

N
aO

H
×

10
−3

I m
×

10
−3

a
w

pH
m

γ
±(

N
aC

l)
lo

g 1
0
m

N
i

lo
g 1

0
K

o s0
lo

g 1
0
K

o s2

24
.9

14
0

1.
00

1.
00

1.
00

00
10

.9
81

0.
96

5
−8

.6
4

±
0.

08
−8

.6
±

0.
1

25
.0

9
0

0.
10

8
0.

10
8

1.
00

00
10

.0
22

0.
98

8
−7

.6
8

±
0.

08
12

.3
5

±
0.

12

25
.0

14
0

9.
21

9.
21

0.
99

97
11

.9
17

0.
90

6
−8

.4
8

±
0.

24
−8

.5
±

0.
2

25
.0

12
0

10
0.

1
10

0.
1

0.
99

66
12

.8
86

0.
77

7
−8

.5
1

±
0.

19
−8

.5
±

0.
2

49
.9

12
0

10
0.

1
10

0.
1

0.
99

67
12

.1
64

0.
77

0
−8

.4
6

±
0.

32
−8

.5
±

0.
3

50
.0

12
0

12
.5

12
.5

0.
99

96
11

.3
19

0.
88

8
−9

.0
5

±
0.

38
−9

.0
±

0.
4

50
.0

12
0

1.
01

1.
01

1.
00

00
10

.2
64

0.
96

3
−8

.8
4

±
0.

12
−8

.8
±

0.
1

25
.0

10
2.

28
0.

96
4

0.
96

7
1.

00
00

9.
10

7
0.

96
6

−6
.1

4
±

0.
03

12
.0

4
±

0.
09

a T
he

lo
g 1

0
m

N
i

va
lu

es
re

pr
es

en
tt

he
av

er
ag

e
fr

om
m

ul
tip

le
sa

m
pl

es
co

lle
ct

ed
at

ea
ch

co
nd

iti
on

an
d

th
e

as
so

ci
at

ed
un

ce
rt

ai
nt

ie
s

ar
e

si
m

pl
y

th
e

av
er

ag
es

of
th

es
e

an
al

ys
es

b
T

he
ex

pe
ri

m
en

ta
lu

nc
er

ta
in

ty
(2

σ
)

in
lo

g 1
0
K

o s0
w

as
de

te
rm

in
ed

to
be

0.
17

w
ith

th
e

m
os

ts
ig

ni
fic

an
tc

on
tr

ib
ut

io
n

co
m

in
g

fr
om

th
e

pH
m

m
ea

su
re

m
en

t



694 J Solution Chem (2011) 40: 680–702

Table 4 Calculated activity coefficients computed from different sources

t/ ◦C Im/mol·kg−1 γH+ Meissnera γH+ DHb γ(Na+,OH−) exper.c γNi2+ Meissner

0 0.03 0.854 0.857 0.53

25 0.03 0.850 0.851 0.52

50 0.03 0.844 0.844 0.51

100 0.03 0.827 0.826 0.47

150 0.03 0.803 0.803 0.42

150 0.1 0.712 0.710 0.706 0.26

150 0.3 0.628 0.619 0.16

200 0.03 0.772 0.773 0.36

200 0.1 0.667 0.670 0.652 0.20

200 0.3 0.568 0.570 0.10

250 0.03 0.727 0.731 0.28

250 0.1 0.604 0.614 0.578 0.13

250 0.3 0.488 0.504 0.057

300 0.03 0.660 0.663 0.19

300 0.1 0.513 0.527 0.069

300 300/0.3 0.380 0.407 0.021

350 0.013 0.641 0.656 0.17

aThese values result from the Meissner approximation [21] (see text)

bDH represents the simple Debye-Hückel term as used by Tremaine and Leblanc [6] whose flow-cell exper-

iments were conducted at Im ≤ 0.0373 mol·kg−1, viz. log10 γ = −z2A{I0.5
m /(1 + 1.5I0.5

m )} where A was
calculated according to Silvester and Pitzer [23]
cTaken from tabulated values for single electrolyte NaOH solutions by Holmes and Mesmer [24] representing
those cases where the maximum NaOH concentration was used

Although these solubility data are not sufficiently accurate to rule out the existence of the
Ni(OH)+ cation over a narrow pHm range, they do not support the proposed log10 Ko

11 (Eq. 8)
by the NEA [5].

Figure 5 displays the corresponding results obtained at 300 °C where it is even more obvi-
ous that the Ni(OH)0

2 species dominates from near neutral to pHm = 10.06 (ca. 0.1 mol·kg−1

NaOH). Although the solubility minima reported in two of the earlier high-temperature sol-
ubility studies [6, 7] are close to those predicted from the current results, again no increase in
solubility at high pHm is apparent ruling out the formation of the Ni(OH)−

3 (and Ni(OH)2−
4 )

species under the prevailing experimental conditions. A similar observation was made in
the second investigation by Ziemniak and coworkers [8]. Again the stability of the interme-
diate hydrolyzed species Ni(OH)+ cannot be accessed from the current results. Note that
the results predicted by Shock et al. [25] are only shown because of their importance in the
commonly used geochemical model SUPCRT.

No definitive explanation can be offered at this time as to why the higher-order trihy-
droxo anion was not observed at any temperature to mOH− = 0.1 mol·kg−1, whereas in the
case of the analogous ZnO system, solubility constants of all three hydrolyzed species were
derived unambiguously [14, 26], noting however that Ni2+ tends to hydrolyze at a signifi-
cantly higher pH than does the Zn2+ and resists more strongly a configuration change to a
tetrahedral geometry [4]. This finding is significant, particularly for the nuclear power in-
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Fig. 5 Solubility profile for
NiO(cr) at 300 °C and infinite
dilution where the symbols �

and ♦ represent results from the
high-temperature flow-cell
experiments in NaOH and
NH3–F3CSO3H buffered
solutions, respectively, and
◦ represents results obtained with
the HECC. The solid curve was
generated from Eqs. 20 and 21,
whereas the remaining curves
were taken from: short-dashed,
Tremaine and Leblanc [6];
long-dashed, Ziemniak et al. [7];
dot-dot-dashed, the model of
Shock et al. [25]; dotted,
Macdonald and Cragnolino [1],
respectively

dustry, in that according to these new results a wide range of pH operating conditions is
available under which nickel alloy dissolution would be constant and minimal.

From the above discussion it is apparent that the reactions that only need to be considered
in the treatment of the current solubility results, listed in Tables 1, 2 and 3, are defined by
Eqs. 1 and 3.

3.1 First Solubility Constant

The first solubility constant with the appropriate activity coefficients and water activity is
derived from:

Ko
s0

= mNi2+γNi2+a2
w/m2

H+γ 2
H+ = Qs0γNi2+a2

w/γ 2
H+ (19)

In accordance with Eq. 19, the log10 mNi, γ|z|, aw and pHm values in Tables 1, 2 and 3 were
used to calculate log10 Ko

s0 as reported in the last column of these tables. The simplest equa-
tion that provided the best fit of these data using a weighted linear least-squares regression
is shown in Eq. 20

log10 Ko
s0 = −(6.093 ± 0.167) + (5513.46 ± 69.73)/T (20)

The plot of log10 Ko
s0 versus reciprocal temperature (T/K) is given in Fig. 6 showing all the

experimental results from this study. The data in Fig. 6 clearly indicate a linear relationship
within the experimental scatter over the temperature range, 0 to 350 °C, and the values ob-
tained by the three techniques for the various solid phases at different ionic strengths and
media are concordant. This agreement, coupled with the number of experiments carried out
with the HECC using two different starting acidities and different starting temperatures,
which were varied and sometimes cycled in different directions give a high degree of confi-
dence that equilibrium was always established. In view of the low temperatures investigated
where NiO(cr) is metastable with respect to Ni(OH)2(s), it was deemed especially important
to establish this fact. This is also supported with the use of Fig. 7, showing an XRD pattern
of the washed solid material reclaimed from an HECC experiment (series 18, see Table 1)
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Fig. 6 The dependence of
log10 Ko

s0 on the reciprocal
temperature (kelvin) where the
solid line results from the
weighted linear two-term fit
(Eq. 20) of the data in Tables 1, 2
and 3 and the symbols: �,◦ and
• represent 0.03, 0.1 and
0.3 mol·kg−1 ionic strength,
respectively, taken from the
results in Table 1 (HECC); � and
� represent results obtained with
the high- and low-temperature
flow reactors listed in Tables 2
and 3, respectively

Fig. 7 XRD of solid recovered (after washing with de-ionized water) from a HECC experiment (series
18-samples 1/10) showing that the bulk of the material corresponds to crystalline NiO, but with indication of
a small peak at a 2θ of 19◦ that could be attributed to Ni(OH)2(cr) which has major peaks at 19.17, 33.05,
38.48, 51.94, 59.02, and 62.66◦ , where all but the first are partially screened by the major NiO peaks. Note
that there is a slight offset of the peaks relative to the NiO standard that is due to a misalignment of the
instrument

terminated at 0.3 °C, which is well below the thermal stability range of the NiO starting ma-
terial. The major peaks corresponded to crystalline NiO with possibly a small occurrence of
Ni(OH)2(cr) (a small peak at a 2θ of 19°). Furthermore, the measured solubility at this low
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Fig. 8 SEM image of NiO
crystals recovered from HECC
after completion of experiment 3
(samples 1–20). Etching of
crystal faces due to dissolution in
acidic solution is clearly visible

temperature was substantially higher than that of Ni(OH)2(cr) obtained from independent
HECC experiments [13], indicating quite logically that the NiO higher-energy phase still
controlled the equilibrium solubility. This is further evidence that the kinetics of transfor-
mation of the oxide and hydroxide phases are very sluggish at low temperatures [27].

No physical degradation of the solid particles was evident from the SEM and BET sur-
face area analyses of the NiO(cr) particles measured before and after the HECC experiments
but some nickel metal was discovered (verified by XRD analysis) in experiments conducted
at ≥ 150 °C, in the test cup after the experiment was terminated. However, the nickel oxide
recovered from the exit end of the high-temperature flow reactor (after the entire sampling
series was completed and after first pumping pure water through the reactor at the final tem-
perature of 350 °C for several days, then purging with helium during the quenching process)
was found to have a surface area of (0.74±0.04) cm2·g−1. The XRD pattern of this material
showed only NiO(cr). This unusual increase in surface area could be possibly attributable to
the de-aggregation of the NiO crystal clusters over time. On the other hand, after washing
the solid material recovered from the HECC experiments with water and drying under vac-
uum, the SEM image in Fig. 8 showed no appreciable de-aggregation, but did show clear
evidence of dissolution etch pits on the crystal surfaces. The surface area of this solid did
not change measurably from that of the starting material. However, it must be remembered
that: (1) this solid was exposed only to acidic solutions where the solubility is appreciable;
(2) this solid was suspended in the acidic solution whereas the solid recovered from the
end of the flow reactor was most likely only exposed to solutions already saturated with
nickel(II); (3) the duration of the HECC experiments was much shorter (one or two weeks
versus many months) where the temperature rarely reached 300 °C, and then for less than
24 hours.

Equation 20 gives a 2σ log10 Ko
s0 value at 25 °C of (12.40 ± 0.29), which com-

pares favorably with (12.48 ± 0.15) recommended by the NEA [5] based on more
accurate EMF and heat-capacity data. The other thermodynamic quantities obtained
from this equation, and its first and second derivatives with respect to T at 25 °C are:
ΔrG

o
m = −(70.8 ± 1.7) kJ·mol−1;ΔrH

o
m = −(105.6 ± 1.3) kJ·mol−1;ΔrS

o
m =

−(116.6 ± 3.2) J·K−1·mol−1;ΔrC
o
p,m = (0 ± 13) J·K−1·mol−1, cf. ΔrG

o
m = −(71.2 ±

0.9) kJ·mol−1;ΔrH
o
m = −(101.1 ± 1.0) kJ·mol−1;ΔrS

o
m = −(100.3 ± 1.5) J·K−1·mol−1;

ΔrC
o
p,m = −(15 ± 8) J·K−1·mol−1 from [5] based on the thermodynamic quantities given in

Table 5. Attempts to either impose a constraint on the fit by adopting either recommended
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Table 5 Summary of the thermodynamic quantities at 25.0 ◦C

Species �fG
o
m kJ·mol−1 �fH

o
m kJ·mol−1 So

m J·K−1·mol−1 Co
p,m J·K−1·mol−1 Reference

NiO(cr) −211.66 ± 0.42 −239.70 ± 0.40 38.40 ± 0.40 44.40 ± 0.10a [5]

NiO(cr) −211.7 −239.7a 37.99a 44.31 [9]

H2O(l) −237.14 ± 0.04 −285.83 ± 0.04 69.95 ± 0.03 75.35 ± 0.08 [5]

H2O(l) −237.13 −285.83 69.91 75.2 [9]

Ni2+ −45.77 ± 0.77 −55.01 ± 0.88 −131.9 ± 1.4 −46.1 ± 7.5 [5]

Ni2+ −45.6 −54.0 −128.9 – [9]

Ni2+ −45.5 ± 3.4 −54.1 ± 2.5 −129 ± 5 – [28]

Ni2+ −45.52 −54.04 −128.9 – [29]

Ni2+ −45.3 ± 1.8 −59.5 ± 1.4 −148.2 ± 3.2 −31 ± 13 This workb

Ni(OH)0
2 −398.8 ± 1.8 −507.8 ± 1.7 0.4 ± 7.0 11.8 ± 3.0 This workb

aTaken from Hemingway [30]

bUsing the relevant thermodynamic quantities recommended by Gamsjäger et al. [5]

Fig. 9 The dependence of
log10 Ko

s0 on the reciprocal
temperature (kelvin) where the
solid line stems from Eq. 20,
whereas the short-dashed and
dash-dot-dotted curves were
taken from the studies of
Tremaine and Leblanc [6], and
Ziemniak et al. [7], respectively.
The symbols �, • and � result
from regressions reported by
Ziemniak et al. [8] for the solid
phases, Ni(OH)2(cr),
rhombohedral NiO(cr) and cubic
NiO(cr), respectively, with the
dotted line representing a simple
linear regression the combined
data for all three solid phases

entropy or heat-capacity values for NiO(cr) [5] at 25 °C or by introducing an additional
temperature-dependent variable into Eq. 20 produced fits where at least one other thermo-
dynamic quantity was at greater variance from the recommended values [5]. Therefore,
Eq. 20 was retained as the most conservative representation of the results obtained in this
research.

Note that in the fit of their NiO(cr) solubility data (150–300 °C) shown in Fig. 9,
Tremaine and Leblanc [6] restrained their model by adopting ΔrG

o
m and ΔrS

o
m values at

25 °C of −69.400 kJ·mol−1 and −100.2 J·K−1·mol−1. Their fit agrees extremely well with
Eq. 20 deviating slightly but systematically with increasing temperature. The earlier results
of Ziemniak et al. [7] show larger and negative deviations, noting that included in the fit
presented in Fig. 9 are their results for β-Ni(OH)2(cr) solubility below 190 °C that we con-
sider to be assigned ambiguously to this phase. This conclusion is supported by the fact that
the duration of their experiments was much shorter than those of the current study where no
such transformation was observed. Moreover, in the more recent reinvestigation by Ziem-
niak et al. [8], report the appearance of apparent discontinuities with temperature in the
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Fig. 10 The dependence of
log10 Ko

s2 on the reciprocal
temperature (kelvin) where short
dashed curve resulted from the
weighted two-term fit (Eq. 21) of
the data in Tables 2 and 3, and
the solid line is the simple
average value of log10 Ko

s2. The
dash-dot-dotted and long-dashed
lines were generated from
regressions by Tremaine and
Leblanc [6], and Ziemniak et al.
[7]. The dash-dot-dashed and
dotted lines were generated from
the thermodynamic quantities
supplied by Ziemniak et al. [8]
for the solid phases NiO(cr) and
Ni(OH)2(cr), respectively

solubility constant for NiO(cr) at 149 and 247 °C were assigned to the solid-phase transfor-
mation due to dehydration of β-Ni(OH)2(cr) and to a subsequent rhombohedral to a cubic
morphology change, respectively. In fact the latter transformation was reported to cause an
increased temperature dependence of log10 Ko

s0, which is thermodynamically unreasonable
as it implies the formation of a less stable cubic structure. As can be seen from these data in
Fig. 9, all of their results can be fitted to a single linear function within experimental uncer-
tainty limits, although the deviation at high temperatures from the current result is outside
those limits. Thus, the solid-phase transformation of NiO(cr) from rhombohedral to cubic is
believed to be too slow at these moderate temperatures (247–315 °C, where moderate refers
to solid-state transformations) to affect the solubility data.

From Eq. 20 and the analogous equation for the β-Ni(OH)2(cr) solubility constant, the
temperature for the conversion of the latter to NiO(cr) in aqueous solution is calculated to
be 89 °C, which is 12 °C higher than that calculated in our previous paper [13], which was
based on the log10 Ko

s0 data for NiO(cr) of Tremaine and Leblanc [6]. However, despite the
uncertainty of the current estimate, it is still substantially lower than those proposed in the
literature [6–8] with the caveat that particle size is an important factor in determining the
true thermodynamic stability of β-Ni(OH)2(cr) [13] even for particles with > 1 µm cross
section, so that transition temperatures > 89 °C could have resulted if larger β-Ni(OH)2(cr)
particles had been investigated. Finally, it must be remembered that in the previous high-
temperature solubility studies involving NiO(cr) [6–8], β-Ni(OH)2 crystals were believed
to have formed in situ during temperature cycling experiments and would therefore have
probably been very fine grained.

3.2 Second Solubility Constant

A number of functions of temperature were explored for the log10 Ko
s2 data in Tables 2

and 3. Although a linear fit in 1/T would be the most conservative representation, apart
from declaring a temperature-independent value considering the large uncertainties in these
values, Eq. 21 is proposed as providing the best representation of these results (see Fig. 10)

log10 Ko
s2 = −(1769.2 ± 40.1)/T − (0.0094755 ± 0.0002016)T (21)

Assuming a temperature-independent log10 Ko
s2 value would have led to an average

of −(8.52 ± 0.31) at 25 °C, whereas a weighted fit according to Eq. 21 gave a value
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Fig. 11 Logarithm of the second
hydrolysis constant of nickel(II)
(Eq. 9) versus reciprocal
temperature (kelvin) where the
solid line was generated from
Eq. 22 and the remaining lines
were taken from the studies as
designated in Fig. 1a

of −(8.76 ± 0.15). Inclusion of a constant temperature-independent term produced a
very poor fit, whereas substituting a ln(T ) term for the T term gave a marginally
poorer fit. Equation 21 yielded the thermodynamic quantities at 25 °C: ΔrG

o
m = (50.0 ±

1.7) kJ·mol−1;ΔrH
o
m = (17.7 ± 1.7) kJ·mol−1;ΔrS

o
m = −(108 ± 7) J·K−1·mol−1; and

ΔrC
o
p,m = −(108 ± 3) J·K−1·mol−1. The estimated thermodynamic quantities for Ni(OH)0

2

are given in Table 5 based on those recommended by Gamsjäger et al. [5].
Figure 10 illustrates that the results from previous studies [6, 8] tend to converge at higher

temperatures range but show large and opposite deviations approaching ambient conditions
(noting that the fit by Tremaine and Leblanc [5] of their high temperature was anchored by
thermodynamic quantities at 25 °C for the Ni species [31, 32] and those for water [9]). Slug-
gish kinetics of dissolution coupled with problems such as the presence of fine particulates
which are difficult to remove and sample contamination have probably contributed to the
scatter in these earlier results.

The last entry in Table 2 corresponds to an experiment in which the pressure at 350 °C
was lowered slightly below the saturation vapor pressure of water, viz., 16.53 MPa, resulting
in a density drop from the experiment at 26.6 MPa from 0.6314 to 0.1024 g·cm−3. Pressure
is the prime variable in determining the stability of solutes in steam giving rise to the lower
log10 Ko

s2 value of −(9.5 ± 0.2) corresponding to a solubility of 0.017 ppb, which is con-
siderably less than reported for the more soluble ZnO(cr), namely 1 ppb, at this condition
[14].

3.3 Second Hydrolysis Constant

By combining Eqs. 20 and 21, an equation for the second hydrolysis constant was calculated
as follows:

log10 Ko
12 = (6.09 ± 0.17) − (7282.7 ± 80.4)/T − (0.009476 ± 0.000202)T (22)

The values derived from Eq. 22 are shown and compared with the corresponding lit-
erature values in Fig. 11. As can be seen from this figure, the present values are in good
agreement with those calculated from the solubility measurements of Tremaine and Leblanc
[6] over the temperature range of their measurements.
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4 Conclusions

Results of the current investigation are in very reasonable agreement with those of Tremaine
and Leblanc [6] for log10 Ko

s0 and extend over a wider temperature range. The log10 Ko
s0

value at 25 °C is also concordant with that obtained from a recent exhaustive review of
aqueous nickel chemistry [5]. At higher pHm the results are not sufficiently precise to allow
any determination of the value of log10 Ko

s1, although previous estimates appear to be too
high [5–7]. As first mentioned by Ziemniak et al. [8], the log10 Ko

s3 values reported in the
literature appear to have been also vastly overestimated with no evidence for the existence
of the Ni(OH)−

3 anion being found under any of the experimental conditions investigated
here. The experimental uncertainty in the log10 Ko

s2 values reported here is admittedly large
but clearly establish the dominance and hence importance to PWR corrosion issues of the
Ni(OH)0

2 species over a wide range of near neutral to basic conditions.
A companion study [13] of Ni(OH)2(cr) solubility yielded log10 Ko

s0 as a function of
temperature to 200 °C using the same experimental techniques described here. Interestingly,
a striking particle size effect was identified that extended to much larger particle sizes than
expected adding undoubtedly to the wide disparity of constants reported previously in the
literature. The corresponding data for NiO(cr) in acidic to near neutral pH solutions are more
consistent suggesting more typical particle-size independent solubility behavior for particles
> 1 µm. Note also that from this recent study the dehydration temperature of Ni(OH)2(cr)
to NiO(cr) was given as 77 °C (cf. 89 °C determined in the current study), 100 °C or more
lower than reported previously [5–8].
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