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Abstract 

The kinetics of dissolution and the equilibrium solubilities of 
gibbsite, boehmite, bayerite and various sodalites were studied 
recently in our laboratory from 30 to 90°C as functions of caustic 
concentration and ionic strength (sodium nitrate) in the absence 
and presence of triethanolamine (TEA) and other additives. These 
results build on our existing experimental database of boehmite 
solubilities to 300°C and gibbsire solubilities to 80°C in sodium 
chloride solutions. The solubility constants were treated with 
consistent models that include appropriate experimental data 
taken from the literature for prediction of solubilities over a wide 
range of state conditions. The solubility enhancing effect (kinetic 
and equilibrium) of TEA were also established and quantified. 
Examples are given of application of a unique potentiometric 
method that allows for rauid, precise measurement of the 
approach to equilibrium from under- and super-saturation. 

Introductioii 

The motivating factor for carrying out this ncw study was to 
facilitate the dissolution of aluminum from the sludge piles in the 
holding tanks of the US Department of Energy nuclear waste 
processing sites at Savannah and Hanford in the United States. 
These sludges are highly caustic and contain high concentrations 
of sodium nitrate, as well as silica in many cases and other metals 
and actinides. The aluminum phases are rarely characterized, but 
are believed to contain substantial quantities of gibbsite and 
boehmite with varying amounts of bayerite and aluminosilicates, 
principally hydroxy- and nitrato-sodalites with some cancrinlte 
and zeolitc-A. Temperatures range from near ambient to 90"C, 
which can be attained with in-situ heaters and/or may be due to 
radiation decay. Knowledge of the dissolution rates and 
equilibrium levels of dissolved aluminum is obviously the key to 
optimizing the removal of the sludge with respect to time, cost, 
volume and caustic minimization. Various additives, such as 
TEA, were considered in this research as potential solubiliry- 
enhancing agents. Moreover, understanding the behavior of 
aluminuni under the above conditions has direct application to 
bauxite dissolution and [he re-precipitation of gibbsite and other 
more unwelcome phases as experienced by the aluniinuni 
production industry. 

In view of the above description and for relevance to raw material 
processing by the aluminum industry, the main focus of this paper 
will be placed on basic solutions where the aluminate anion is the 
predominant species in solution. The pertinent solubility equilibria 
are, for boehmite, 

and for gibbsite and bayerite, 
AIOOH,,, + OH- + ilzo ili(0.v); (1) 

Al(OH),,,, + OH- $ A l ( 0 H ) ;  (2) 
A large number of solubility studies involving aluminum-bearing 
phases exposed to caustic solutions can be found in the literature. 
Recently, from this laboratory BCnCzeth et 01. ( I )  and Palmer et 
al. (2) reported the solubility of boehmite at high reniperatures 
(1 00 - 300°C). There is also a more recent study by Panias et al. 
(3). Solubility mcasuremenrs of gibbsite in caustic media have 
been treated by Wesolowski (4) and Apps et al. (5). Data for 
bayerite solubility in sodium hydroxide solutions are reported by 
Fricke (6,5), Herniann and Stipetic (S), Sato (9), Russell et nl. 
(lo), Chistyakova ( I l ) ,  Apps et al., (5) and Verdes et nl., (12). 
Despite the numerous investigations of the solubility of 
aluminum-bearing solid phases in basic media, the reported 
solubility constant values, Ks4, differ considerably. The 
thermodynamic quantity K,, at infinite dilution is defined by: 

whereas the molal concentration quotient (or molal solubility 
quotient) QS4 is defined by: 

Disparities exist not only in the experimental equilibrium values, 
but also in the mathematical treatments used to calculate the molal 
solubility quotient. Panias et 01. (3) uscd a simple mathematical 
formalism for modeling activity coefficients of the charged 
species involved in the dissolution reaction of boehmite (Eq. 1). 
The activity coefficients were obtained by developing semi- 
empirical equations given by Meissner et ai. (13), based on the 
simple case of sodium chloride. Unfortunately, this model does 
not approximate the ionic electrostatic interactions at high ionic 
strength. The limitation of this assessrncnt is even more dramatic 
at high temperature where the electrostatic forces become stronger 
and differ from one ion pair to another. An empirical equation has 
bcen developed by Palmer et al. (2) on the basis of an extended 
Debye-Huckel term and a number of variable temperature and 
ionic strength dependent terms. This treatment has been tested in 
the aqueous system, NaAI(OH),, NaOH and NaCI, derived from 
boehmite dissolurion and applies strictly to the measured 
temperature range of IO0 to 300°C, although by incorporating the 
Gibbs energy of the transformation of boehmite to gibbsite, this 
treatment should also approximate boehmite dissolution equilibria 
to ambient conditions, where boehmite remains the 
thermodynamically stable phase according to this study. 

Pitzer (1 4) has improved the semi-empirical approach by 
extending the limiting law of Debye-Huckel to high ionic 
strengths. The Pitzer ion interaction equation has proven its ability 
to describe accurately electrolyte behavior in the aqueous system 
containing high concentration of NaAIO1, NaOH and NaCI, (4, 
15). Therefore, chis approach was chosen to model the solubility 
quotients obtained in this study. The Gibbs energy of formation of 
the aluminate ion is well defined, as is the thermodynamic 
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properties of gibbsite at 25°C (4,16). The cor;espor,ding dara for 
the metastable phase, bayerite, are not well quantified, so 
application of the Pitzer treatment to the aqueous aluminum 
species in common in both the gibbsite and bayerite systems will 
lead to a better, and more consistenr, ser of thermodynamic data 
for bayerite as well 

Experimental Methods 

Gibbsite used in this study was obtained from ALCOA 
(composition C-33). T'ne raw product was treated by acid 
washing, followed by rinsing with deionized water for seven days 
(4). Boehmite (A100H) was synthesized hydrothermally at 200°C 
from the pure gibbsite using a procedure given by BCnCzeth et nl. 
(17). The synthesis of bayerite was based on dissolurion of 
aluminum powder in caustic solution (6M) with a molal ratio of 
[OH]l[AI]=8 at 0°C. A stream of CO? gas was then used to 
precipitate the bayerite crystals, which were washed repeatedly 
with deionized water. The sodalites were also prepared 
hydrothermally. 

All of the solid phases were characterized by X-ray diffraction, 
SEM and BET before and after the experiments in order to assure 
the purity and crystallinity of the solids. Rainan spectroscopy and 
NMR were also used to identify the oxyhydrates of aluminum 
(IS), and in particular, bayerite afrer each srep of its synthesis 
(19). Thc surface areas of boehmite, gibbsite and bayerite were 
initially 2.2, 0.36 and 5.2 m'.g-', respectively. 

The batch experiments at 30 arid 63°C were conducted in 
sterilized 20 or 50 cin3 disposable polypropylenc/polyethylene 
syringes mounted on a rotating rack submerged inside a water 
bath. The weight ratio of solid to solution was initially 1.2/50 but 
increased during each experiment as a result of sampling the 
solution. At 9O"C, Savilex (PTFA) 30 cm3 containers fitted with 
silicone laminates (septa) that allow sampling of the solution with 
a syringe fitted with a stainless steel needle were used inside a 
forced-convcction air oven. Due to the fast dissolution kinetics at 
this temperature, even for the boehmite, no agitation was 
necessary. Temperature was generally controlled to within 
co. 1 "C. 

At each tempcrature, aliquots of about 1-2s of solution were 
forced through a 0 2 Em fluorocarbon filter medium (Gelman 
Laboratory) and immediately diluted with a 0 2 molal HN03 
solution to prevent precipitation The aluminum analyses were 
performed by ICP-AES, which has a linear response over the 
range from 2 to 200 p p n  

Discussion 

The following discussion focuses mainly on new solubility 
experiments conducted in our laboratory on the solubilities of 
gibbsite, bayerite and boehmite. These new data will be 
referenced to experimental results obtained previously at ORNL 
and elsewhere with the discussion broken down into sub-secrions 
that deal briefly with each aspect of aqueous aluminum chemistry 
that has been addressed in OUT laboratories. 

Equilibrium Solubilitv in hraN03/NaOH Media 

New experimental measurements involving the dissolution of 
gibbsite, bayerite and boehmite were performed at 0.1 to 5 molal 

ionic strength in the range 30 to 90°C with a limited number of 
experiments involving sodalites of hydroxide, nitrate and chloride. 
Equilibrium with respect i o  boehmire was nor achieved by the 
batch technique even after many months of equilibration, except 
at 90°C. Figure 1 shows the results for rhe other two principal 
solids, gibbsite and bayerite. 
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Figure 1 : The molal solubility quotient versus ionic strength for 
bayerite (filled symbols) and gibbsite (open symbols): 00, 3O.O0C; 
MG, 63.0"C; and AA, 89.S"C. The curves were derived from the 
Pitzer treatment [14] for the case of an initial  NaOH concentration 
of 0.1 molal. The deviation between the experimental data and 
predicted quotients is show in the iower plot with the average 
standard deviation being * 0.04 in log units. 

Wesolowski (4) measured the .dissolution and precipitation of 
gibbsite in the aqueous system, NaAI(OH),, NaOH, and NaCI. 
Good agreement was apparent between his data and the present 
results in pure NaOH solutions. Apps et al. ( 5 )  reviewed the 
available information on bayerite dissolution in rhe range 0- 
100°C. Only a few studies of bayerite exist based on solubility and 
calorimetric experiments (5,12,20). The thermodynamic 
properties of bayerire were determined directly from the 
temperature-dependent expression for IogKS4 as described below 

The Pitzer ion intermion treatment (14,21) was selected to model 
the aqueous system, NaAl(OH).,, NaOh', and NaNO,, because it 
allows the most reliable prediction of solubilities at high ionic 
strengths and sufficient solubility data are available over a wide 
range of ionic strength and temperature to allow the many 
adjustable parameters inherent in this treatment to be extracted 



with minimum covariance. The mathematical representarion of 
molal solubility quotient for Eq. (7) is: 

The model in terms of individual ions is simplified IO: 

X 
1 

2.3026 
log Qr4 = - 10% K,, f - 

where 

f =[1- 

The bracketed terms represent the molal concentrations of each 
ion, I is the ionic strength, and ,@, p’, C” represent the pure 
electrolyte parameters, while 0 and Y are the binary and ternary 
mixing paramcters, respectively. 

Our approach was to treat the data for bayerite and gibbsite 
simultaneously in order to produce a consistent fit for the common 
aqueous species and to extract the best binary and ternary ion 
mixing parameters involving the aluminate anion. 

As these systems contain a single cation (Na’), the quantity [Na’] 
is replaced by the ionic strength. LogKs, can be expressed in 
terms of four tcmperature-dependent terms, so that Eq. G can be 
rewritten by substituting interaction coefficients with adjustable 
parameters p I  to p l s  as shown in Eq. 8. The f i t  was derived from 
the 71 values collected in this study and the 14 data points taken 
from Wesolowski (4), where only values relating to the aqueous 
system, NaAI(OH), and NaOH, were considered. Eq. 8 provides a 
fit of these 85  experimental values to within +0.02 in log units. 

and ps to ps refer to the lo& temperaturz-dependent parameters 
for gibbsite and bayerite, where the former were taken from the 
previous work of Wesolowski (4). Note that the ihermodynamic 
properties derived from the parameters p, to p4 a x  in good 
agreetxnt  with calorimetric study of Hovey et a/ .  (1 6 ) .  

Although the single e l e c n o l p  parameters, PkaAl(OFi), , 

P~ahl(OFI)4 and CLaAI(OH), are in good agreement with those 

obtained by Wesolowski ( I r ) ,  the values of binary and ternary 
mixing parameters from aluminate and hydroxide anions differ, 
because the previous rreatment (4) ignored interactions involving 
chloride ions. Comparison of the data for NaCl and NaNO, mcdia 
showed that @Al(O1T),.X and WHa.N&AI(OFi);-s (X = c1 or NO,) do 
not differ significantly within the accuracy which is limited by our 
ability to calculate these relatively minor contributions to the 
overall Gibbs energy. 

The Pirzer treatment underestimates the experimental solubility 
quotients obtained by Lyapunov et al. (70) and Russell el al. (10). 
The latter author reported the solubility o f  D-aluminum-trihydrate, 
which was presumed to be bayeritc. However, interpretation of 
previous studies is difficult, because bayerite is known for its 
instability with respect to gibbsite (7,9). It is imnicdiately 
apparent from Figure 1 that bayerite exhibits a higher solubiliry 
qu0tien.t than gibbsite with this difference becoming greater with 
decreasing temperature. 

Subsequently, Eq. 8 was applied to predict boehmite solubility by 
fixing the parameters ps-pls to thc values obtained above, and 
applying thc temperature function for IogKs, proposed by Palmer 
et al. (2), which contains pI-p4 and an additional pI6T2 term. The 
results of this equation agree with the eleven experimental IogK,, 
values obtained in our study of boehmite solubility to wirhin 
i0.03 log units for the temperatures. The data from Russell et al. 
(10) bctween 80-100°C are underestimated by an average of i 
0.19 log units with better agreement obtained with the more rccent 
work of Panias et al. (3). This author included an equation for 
boehmite solubility supposedly valid from 30 to 150°C. The 
difference between the Pitzer treatment given in this paper and the 
empirical equation formulated by Panias et nl. (3) is evaluated to 
be within * 0.06 in log units at temperatures 100°C. 

Very recently, solubility measurements were carried out at ORNL 
with boehmite in 0.1 molal NaCl at 50°C in a hydrogen-electrode 
concentration cell (HECC), which provides a direct, precise and 
accurate measurement of pH, (defined as -log[HA] on the 
molality scale) during the equilibration process as described 
previously (1,2). The presence of an ‘‘inert’’ electrolyte is required 
to minimize liquid junction potentials between the hvo 
compartments of the cell. Efficient stirring in this cell with no 
mechanical degradation of the suspended solid promotes rapid 
equilibration. Figure 2 illustrates that equilibrium was attained 
with 24 hours with respect to boehmite precipitation onto 
boehmite seed crystal present, as these dara were obtained from 
daily sampling of the test solution. After each equilibration, acidic 
titrant wzd injected to perturb the equilibrium ( l e . ,  create over- 
saturation with respect to boehmire). These new results confirm 
the IogK,, values for boehmite obtained from extrapolation of 
solubility data (solid curve in Figure 2) obtained from 100 to 
3OOOC (2). Moreover, this demonstrates the utility of the HECC 
for studying the kinetics (see discussion below) and solubility of 



aluminum phases at pH, values up to mildly basic condirions at 
high ionic strengths. 
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A comparison of the gibbsite and boehmite log Kn4 values 
determined from Eq. 8 and from Palmer et al. (2), respectively, 
shows that the transition temperature for conversion of gibbsite to 
boehmite is close to 25°C indicating that the conversion must be 
sufficiently slow in that gibbsite can exist as a metastable phase 
even at 80°C for at least a period of weeks, as shown from the 
solubility study carried out by Wesolowski (4) at this tempcrature. 
This observation is also consistent with the formation of unwanted 
boehmite following thc dissolution of bauxite at low temperatures. 

Kinetics of Dissolution in NaN0,INaOH Media 

The rates of dissolution of the aluminum-bearing solid phases 
investigated here are dependent on the specific surface area of the 
solid, pH, ionic strength and saturation index. In the batch 
experiments at 30"C, equilibrium solubility with respect to 
gibbsite dissolution was reached after 7 and 20 days at 1 and 5 
molal NaOH, respectively. Bayerite dissolution was complete 
within 4 days at these conditions. At 63 and 90°C, dissolution was 
so fast (less than one day) that the difference in the relative rates 
could not be quantified. Certainly, decreasing the initial NaOH 
concentration or ionic strength reduces markedly the rate of 
dissolution 

Boehmite dissolution is known to be a much slower process 
(3,4,10). At 90°C, equilibrium values were attained in I and 5 
molal NaOH after 18 and 3 5  days, respectively, whereas at G3"C, 
equilibrium was reached after 100 days in 1 molal NaOH (no 
added &NOj) while in 5 molal NaOH it was not attained even 
after 200 days. Rate constants have not been extracred from these 
kinetic data at this time, but qualitative comparisons are made 
below with the rates obtained in the presence of TEA. 

It is relevant to mention in this section our work at higher 
temperatures wirh the HECC aimed at establishing the rates of 
dissolution and precipitation of gibbsite and boehmite in NaCl 
brines. In Figure 3 is a plot of the logarithm of the aluminum 

molality versus pH, where the experimental equilibrium 
solubilities (2) are shown in 0.1 molal NaCl at 150°C, as well as 
the fitred solubility profile (2). Tne arrows indicate the path of a 
subsequent experiment where, following zdditions of acidic then 
basic tirranr, the pHm was monirored while the system relaxed 
back to equilibrium solubility with respect to boehmite from 
super- and under-saturation, respectively. These are virtually 
isothermal changes that allow the kinetics of these reactions to be 
followed and each return to equilibrium could be confirmed by 
analysis of the aluminum content of the test solution. Examples of 
these kinetic plots will be given in the presentation. 
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Figure 3: The solubility profile for boehmite at l5OoC in 0.1 molal 
NaC1 (2) also showing the results of a subsequent experiment in 
the HECC where the kinetics of precipitation and dissolution wcr-e 
monitored in sitla from the change in the measured pH,. 

Effect of Additives on the Dissolution Rates and Equilibrium 
Solubilities of Aluminum-Bearing Phases. 

The following compounds were tested to deterniinc their effects 
on the dissolution of gibbsite, bayerite and boehmite: N- 
methyldiethanolamine, diethanolaniine, poly-acrylic acid (two 
molecular weight fractions), sodium gluconate, triethanolamine 
(TEA) and bis(2-hydroxyethyl)-tris(hydroxymcthyl)methane (Bis- 
Tris). The first three compounds had no discernable effect on 
either the kinetics of dissolution or the final solubility, Sodium 
gluconate inhibited the rate of dissolution, whereas the latter two 
compounds enhanced the dissolution process substantially. Raman 
and NMR evidence was accumulated for the existence of unique 
complexes between the aluminate anion, and TEA and Bis-Tris. 
Earlier work in this laboratory established the formation of this 
complex involving Bis-Tris, which is a common pH buffer, but 
the bonding was mistakenly thought to involve two rather than 
three ethanol groups (22). Independent N M R  and ion-exchange 
evidence suggest that the equilibrium involved in the formation of 
complexes between aluminate and ETA is as follows: 

AUOH); + N(cFr2cfr20foj A ~ ( O F ~ I V ( ' ~ ~ I ~ C ~ I ~ O ) ~  + 3~r?o(i,1 
(9) 

Some interesting features of the effects of TEA are shown below 
for each aluminum-bearing solid phase. For gibbsite, which 



dissolvcs rapidly at low temperatures in the absence of TEA, 
Figure 4 demonstrates that increasing temperature destabilizes the  
AI(OH)-'-TEA complex so that the strongest effect on the 
equilibrium solubi!ity was observed at 30°C. 
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Figure 4: The solubility of gibbsite in 0.1 molal NaOH (3 molal 
ionic strength, NaNO,) as a function of time. 

The effect of increasing the concentration of TEA on the rate of 
boehmite dissolution is illustrated in Figure 5. The rates are still 
very slow at low temperatures. The factors that would enhance the 
rate of dissolution of boehmite are: lower ionic strength, higher 
temperatures, highcr TEA Concentration, and higher hydroxide 
concentration to the limit of about one molal, above which the rate 
of dissolution tends to decrease, even when the ionic strength is 
maintained constant by addition of NaNO,. 
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silica concentration is also enhanced by the presence of ETA 
presumably due to the breakdown of the sodalite structure 
associated with the removal of aluminum atoms. The ratio of 
AI:Si was determined to be 2.4:l.O in the original solid 
(determined by completely dissolving a known mass of sodalite in 
caustic and analyzing the resulting solution) and this ratio was 
preserved in the dissolution experiments exemplified in Figure G 

1 2 3 4 5  time (days)' 

Figure 6: Results of solubility experiments with hydroxysolalite in 
3 molal ionic strength (NaNO,) at 30 and 63°C showing the 
changes in aluniinum and silica concentrations with time in the 
absence and presence of 0.1 molal TEA over an 80-day period 
with the inserts depicting the changes over the initial five days. 

The solid phases recovered from these experiments gave XRD 
patterns consistent with pure hydroxy-sodalite when no ETA was 
present and a BET surface area that changed from 3.1 m'.g-' to 
5.2 m2.g-I by completion of the experiment. However, in the 
presence of TEA the surface area increased to 9.9 m'.g'' and a 
zeolite phase was formed. The presence of this second phase was 
confirmed by SEM analyses. The SEM images showed clearly 
that dissolution of the cubic sodalite crystals occurred 
preferentially at the edges of the cubes and the zeolite formed as 
balls of tiny platelets. Note that the TEA solutions may become 
quickly over-saturated with respect to Si02 accounting in part 
perhaps for the subsequent decrease in the silica concentration 
shown in Figure 6 ,  but the precipitate was presumably either a 
minor component (<5%) or amorphous as no XRD pattern for this 
phase was observed. Interestingly, in the absence of TEA, 
dissolution of the nitrato-sodalite resulted in the formation of 
cancrinite, whereas under similar conditions the chloro- and 
hydroxy-sodalites dissolved without the formation of another 
phase. 

The effect of TEA in enhancing the dissolution of socalires niay 
have application in the descaling of pipes and tanks that ale 



coated with aluminosilicate deposits at waste treatment sires, 12. G. Verdes, R. Gout, and S. Castet, “Themodynanic 
geothermal wells, or industrial processing plants. Properties of the Aluminate Ion and of Bayerite, Boehmite, 
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Acknowledgment 

13. H.P. Meissner and C.L. Kusik, “Activity Coefficients of 
Strong Electrolytes in ~ u ~ t i c o m p o n e n t  A~~~~~~ Solutions,” 
___ 

Research sponsored by the Office of Science and Technology, 
U.S. Department of Energy, under contract DE-.4C05- AIChE J,, 18 (19721, 294-298, 
000R22725 with Oak Ridge National Laboratory, managed and 
opcratcd by UT-Battelle, LLC. 

References 

1. P. Bentzeth, D.A. Palmer and D.J. Wesolowski, “Aqueous 
High Temperature Solubility Studies. 11. The Solubility of 
Boehniire at 0.03 Ionic Strength as a Function ofTemperature and 
pH as Determined by “in situ” iMeasurements,” Geochim. 
Cosmochim. Acta, 65 (200 I ) ,  2097-2 1 I I .  

2. D.A. Palmer, P. BknCzeth and D.J. Wesolowski, “Aqueous 
High Temperature Solubility Studies. I. The Solubiliry of 
Boehmite as a Function of Ionic Strength (to 5 molal, NaCl), 
Temperature (100-250°C), and pH as Determined by 1n Situ 
Measurements,” Geochim. Cosniochini Acta, 65 (200 I), 208 1- 
2095. 

3.  D. Panius, P. Asimidis, and I. Paspaliaris, “Solubility of 
Boehmite in Concentrated Sodium Hydroxide Solutions: Model 
Development and .4ssessment,” Hvdrometallurov, 59 (2001), 15- 
29. 

4. D.J. Wesolowski, “Aluminum Speciation and Equilibria in 
Aqueous Solution: I. The Solubility of Gibbsite in the System Na- 
K-CI-OH-AI(OH)4 from O-IOO”C,” Geochim. Cosmochirn. Acta, 
56 ( I  992) 1 065- 1092. 

5. J.A. Apps, J.M. Ncil and C.H. Jun, “Thermochemical 
Properties of Gibbsite, Bayerite, Boehmite, Diaspore, and the 
Aluminate Ion bctwcen 0 and 35OoC,” (Report 21482, Lawrence 
Berkeley Laboratory, 1989). 

6. R. Friclte, “Uber das Kristallinschc Tonerdehydrat v. 
Bonsdorff s,” Zeitschrift fur Anoreanische ur?d Allzemeine 
Chernie, 175 ( I  925), 249-256. 

7. 
Oxyhydrate,” Kolloid Zeitschrift, 49 (1 929), 229-243. 

R. Fricke, “Einige Gesichtspunkte zu den Wandlungen der 

8. E. Hermann and J. StipetiC, “Der “Ausriihrvorgang” von 
Tonerdehydrat nach Bayer als Keimbildungsproblem”, Zeitschrift 
fur Anoreanische Chemie, 262 (1950), 258-287. 

9. T. Sato, “Hydrolysis of Sodium Aluminate Solution. XI11 
Effect of Decomposition Temperature,” 1. Chem. SOC. JarJan. Ind. 
Chem. Sec., 57 ( I  951), 805-808. 

I O .  A.S. Russell, J.D. Edwards, and C.S. Taylor, “Solubility and 
Density of Hydrated Aluminas in NaOH Solutions,” J. of Metals, 
7 (1955), 1123-1 128. 

14. K.S. Pitzer, “Thermodynamics of Electrolytes. I. Theoretical 
Basis and General Equation,” J.Phvs. Chem., 77 (1973), 268-277 

15. H. Park and P. Englezos, “Osmotic Coefficient Data for the 
NaCI-NaA1(OH)4-H20 System Measured by an Isopiestic Method 
and Modeled using Pitzer’s Model at 295.15 K,” Fluid Phase 
Eouilib., 155 (1 9 9 9 ,  25 1-259. 

16. J.K. Hovey, L.G. Heplerand P.R. Tremaine, 
“Thermodynamic Properties of Aqueous Aluminate ton: Standard 
Partial Molar Heat Capacities and Volumes ofAI(OW),- from I O  
to 55”C,” J. Phvs. Chem., 92 ( 1  988), 1323- 1332. 

17. P. BinCzeth, D.A. Palmer and D.J. Wesolowski, “The 
Aqueous Chcrnistry of Aluminum. A New Approach to High 
Temperature Solubility Measurements,” Geothermics, 26 ( I  997), 
465-451. 

18. J.T. Huneke et al., “The Identification of  Gibbsite and 
Bayerite by Laser Ranian Spcctroscopy,’’ Soil Sci SOC. Am. J., 44 
(1980), 131-134. 

19. N. Phanibu, private comniunication. 

20. A.N. Lyapunov et al., “Solubility of Hydrargillite in NaOH 
Solutions, Containing Soda or Sodium Chloride at 60°C and 
95’C,” Tsvetnvye Mettalv, 38 ( 1  964), 48-5 I .  

21. R.T. Pabalan and K.S. Pitzer, “Thermodynamics of 
Concentrated Electrolyte Mixtures and the Prediction of kLineral 
Solubilities to High Temperatures for Mixtures in the System Na- 
K-Mg-CI-S04-OH-H20,” Ceochim. Cosmochim Acta, 5 I (1 373), 
2429-2443. 

22. D.J. Wesolowski, D.A. Palmer and G.M. Begun, 
“Complexation of Aluminate Anion by Bis-Tris in Aqueous 
[Media at 25-5OCC,” J. So!ution Chem., 19 (1990), 159-173. 

1 1 .  A.A.  Christyakova, “Some Data on the System Na,0-A1203- 
H20,” Tsvetnvve Mettalv [English translation], 37 ( 1  964), 58-63. 


