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ABSTRACT

Predicting aluminum solubility for Hanford and Savannah River waste liquids is very important
for their disposition. It is a key mission goal at each Site to leach as much aluminum as practical
from sludges in order to minimize the amount of vitrified high level waste. And it is
correspondingly important to assure that any soluble aluminum does not precipitate during
subsequent decontamination of the liquid leachates with ion exchange.

This report shows a very simple and yet thermodynamic model for aluminum solubility that is
consistent with a wide range of Al liquors, from simple mixtures of hydroxide and aluminate to
over 300 Hanford concentrates and to a set of 19 Bayer liquors for temperatures from 20-100 °C.
This dimer-dS,;x (DDS) model incorporates an ideal entropy of mixing along with previous
reports for the Al dimer, water activities, gibbsite, and bayerite thermodynamics.

We expect this model will have broad application for nuclear wastes as well as the Bayer
gibbsite process industry.

INTRODUCTION

Previous reports have shown that aluminum is much more soluble in Hanford tank waste liquids
than predicted by simple models [1, 2]. Even sophisticated electrolyte solubility calculations
such as OLI’s MSE do not always predict the unusually high Al solubilities in many tank
concentrates [3]. Figure 1 shows over 300 selected tank waste liquid assays for aluminum versus
free hydroxide concentrations [4]. This shows waste assays were selected with a sodium range of
3 to 7 M, which is consistent with sodium processing range for Hanford’s planned waste
treatment and immobilization plant, WTP.

Previous reports have shown that for Al concentrations in excess of ~1 m, the Al dimer was
important [5-7]. At more modest Al concentrations around 0.5 m Al, though, it was carbonate or
TOC that correlated with enhanced Al solubility. A later report further showed a correlation
between an aluminocarbonate, dawsonite, solubility product and enhanced Al solubility [8].

This paper, though, will show that indeed the Al dimer is important for high aluminate
concentrations, even for 0.5 m Al. However, for complex mixtures there is not just a single
species like carbonate or TOC that is responsible for enhanced Al solubility in Hanford tank
liquids. It is rather the very complexity of these tank liquids as mixtures of many species that is
also responsible for enhanced Al solubility in Hanford waste liquids in the sodium 3-7 m Na
concentration range.

In fact, the ideal entropy of mixing is a well-known [9, 10] and straightforward calculation and
ends up being a significant factor even for simple aluminate/NaOH mixtures. This is because,
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unlike a simple electrolyte, gibbsite solubility also depends on the presence of a much larger
amount of hydroxide.

We show here that the solubility of Al is consistent with a surprisingly simple model that
incorporates three key attributes mentioned: the free energy of dissolution for gibbsite or
bayerite, the ideal entropy of mixing, and the Al dimer equilibrium.

Equally surprising is this simple model does not directly incorporate activity coefficients. Rather
it seems that there is a fortuitous cancellation of activities in the ratio between aluminate and
hydroxide. This results in the simple Al solubility equation based on thermodynamics and valid
over a wide range of conditions. Furthermore, the ratio of the dimer activity and the square of the
monomer activity also does not seem to vary significantly over the range of this study.

Figure 1. Aluminum versus free hydroxide concentrations.
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Measured Al concentration from TWINS (Tank Waste Information Network System) [4] data for
total sodium in the range 3 to 7 M. Also shown is the corresponding predictions from the WTP
gibbsite solubility at 25 C.

METHODOLOGY

In its simplest form, gibbsite, bayerite, or AI(OH); solubility is
Al(OH)s(solid) + OH™ <> AI(OH)4 (Eq. 1)

and this expression shows up in much previous work [11]. The corresponding reaction free
energy is from Table I and results in an infinite dilution equilibrium as

CAl = K1C0H(m) (Eq 2)

where
AGH/RT -AHI/RT + ASH/R + ASmix/R
K, = e = ™" " m (Eq. 3)

and AG;, AH; and AS; are the free energy, enthalpy, and entropy of reaction, respectively, and
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ASnix is the entropy of mixing. Although typical derivations to not explicitly consider the entropy
of mixing as in Eq. 3, we show below that this system parameter varies significantly for gibbsite
because of the presence of NaOH.

This simple expression as Eq. 1does not explain either the quadratic dependence of the observed
Al solubility in Fig. 1 or the enhanced Al solubility of the tank waste data. In fact, it is quite well
known [11-14] that Al solubility is quadratic in increasing hydroxide concentrations as compared
to Eq. 1.

Of course, K| is typically referred to as an effective equilibrium constant or quotient since it does
not include electrolyte activity. Activity coefficients are correction factors for each formal
concentration whose product results in a thermodynamic activity and the thermodynamic
equilibrium constant.

vaiCar = KivonCon(m) (Eq. 4)

Thus the effective versus thermodynamic equilibrium constants, K; versus K; are proportional to
the ratio of activity coefficients for hydroxide and Al.

Ki = Kiyon/ya  (Eq.5)
In what follows, we will assume that the hydroxide and aluminate activity coefficients are equal
and therefore that the ratio is ~ 1.
Aluminate Dimer Equilibrium
In addition to the aluminate monomer, the aluminate dimer has been reported [5-7] as
2A1(OH), <> AlL,O(OH);,  + 2H,0 (Eq. 6)
Ko= {(1-f)/ (2 )} a,*/ Ca (Eq. 7)

where K; is the reported effective equilibrium constant and the concentration of Al as monomer,
Can, is then

J1+8C,K, /a2 -1

Cne =Cn T (Eq. 8)

Two waters of hydration appear in this expression to better represent the equilibrium data
compared with just one water. Once again, this effective K, is proportional to the thermodynamic
K> by the ratio of dimer and the square of monomer activity constant as

Ky = Ko Ydimer / 'YAIZ (9)

Over the range of aluminate dimer of this study, we will assume that this activity ratio is
constant.

Entropy of Mixing

The entropy of mixing is well-known [9, 10] and the expression for an ideal mixture is in terms
of mol fraction or total molality, m, as
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In{55.51/f, f
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(Eq. 13)

f; fixm/(m+55.51)

(Eq. 14)

The equilibrium calculation for the aluminum dimer depends on water activity. To estimate
water activity, we used the solvation cluster equilibria (SCE) model for the mixtures [2].

1

W n

(Eq. 15)

imi 1 n;
1+ZV TVmix| ey H(KiyiDH)fH

55.51 14 55.51
> vim,

K; = SCE hydration equilibrium constant

n; = SCE hydration order, m; is molality of electrolyte i
v; = the SCE effective ion number for electrolyte 1

f; = fraction of electrolyte i

vipu = Debye-Hiickel factor, Eq. 16 (no parameters)

A, =1.1723, Debye-Hiickel constant

Ymix = entropy of mixing factor, Eq. 14 (no parameters)
n =X fj n;, weighted average n

Zi+, Zi, cation and anion charge numbers for electrolyte i
I = 1onic strength, /2 X my 7

A n
IN 7o, :l—yz f, FIZ”ZF

Il/2 +1

(Eq. 16)

For the well defined mixtures, we have used SCE parameters model and parameters reported [2]
for each of the pure electrolytes. For the Hanford tank waste liquids, however, we have used K;
and n; for NaOH to represent NaOH and NaAl(OH), and for NaNO; to represent all other
electrolytes to estimate water activity of assayed liquids. This was necessary since there was
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limited information on many of the electrolytes like total organic carbon, TOC for example,
which is important but represents a large number of species.

Table I. Thermodynamic Parameters for Gibbsite and Bayerite.
dGR dHR dSR ()
Ki | 3imol | J/mol J/mol/deg Kz rc
gibbsite* 0.063| 6,850 | 22,000 50.9 0.093 40-100
Russell/WTP

bayerite EQ3/6 0.16 | 4,500 | 17,100 42.0 0.093 25
TWINS/Barney fit

gibbsite* EQ3/6 0.075( 6,410 | 22,300 53.3 25

*The gibbsite thermodynamics from EQ3/6 is a compendium of values
extrapolated to infinite dilution without explicit inclusion of the entropy of
mixing. Thus the Russell gibbsite fit with separate AS,, differs slightly
from EQ3/6.

**These parameters to do yet have uncertainties and the three
significant figures shown are merely nominal.

Table I1. Parameters for SCE water activity.

Ki n; Vi

NaOH and NaAl(OH), | 7.53 | 6.14 2.0
NaNO, and all else 481 | 4.16 2.0

The advantage of the SCE approach for water activity is that it provides a great deal of flexibility
for estimating water activity for such complex mixtures as Hanford tank wastes.
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Figure 2. Water activity versus total sodium concentration, Na m.
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Plot of calculated SCE water activities (Eq. 15) for 966 TWINS assays versus sodium molality
along with water activity for sodium hydroxide/aluminate and sodium nitrite and all else as
described in text.

DDS Aluminate Solubility
The dimer-dS;,ix (DDS) solubility calculation follows from above as

C, =Co, @~ACr/RT+ASy;, /R 2C,, (Eq. 17)

C. —C. e Cal/RT+ASy/R| 5 _ \/1+8CAIK2 la, -1 (Eq. 18)
AT oR 2K, / a,

where the aluminate solubility, Ca, is still proportional to hydroxide concentration, Cop, but the
dimer factor has further dependences on the dimer equilibrium constant and water activity.
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RESULTS AND DISCUSSION

The dimer enthalpy and entropy of reaction of Eq. 18 was adjusted to fit the gibbsite solubility
data [14] versus temperature as shown in Fig. 3. In addition, Fig. 3 shows the extrapolated data
for 25 C, which was not reported in this paper. Since the DDS methodology explicitly calculates
the entropy of mixing as explained above, the thermodynamic constants for gibbsite different
somewhat from those of other sources.

Figure 3. Gibbsite solubility versus free hydroxide.
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Gibbsite solubility data [14] along with fit of Eq. 18 to derive gibbsite and dimer data shown in
Table 1.

The fit of Eq. 18 to the gibbsite solubilities in Fig. 3 result in the dimer parameters of Table I,
and then using Table I parameters, Fig. 4 compares Eq. 18 DDS predictions for gibbsite
solubility for a dataset for Bayer liquor aluminate solubilities [15] as a function of hydroxide.
The DDS aluminate solubility predictions of Eq. 18 appear to represent the Bayer liquor dataset
gibbsite solubilities very well.

We then compared total Al solubility predictions by DDS the a of Hanford tank liquid assays for
aluminate. The TWINS Al assays [4] in Figs. 5 and 6 show limiting aluminate solubilities that
are consistent with the same DDS aluminate solubility, Eq. 18, given the parameters in Table I
for bayerite. Since it is not all of the Hanford tank liquid assays are saturated in aluminate, Fig. 6
shows that the DDS aluminate solubility is consistent with a limiting solubility of a large number
of the 966 aluminate assays from tank liquids. Table III shows the average composition of
Hanford tank liquids upon dilution to 5.0 M Na.

For Hanford solutions, bayerite and not gibbsite seems to limit the solubility and Fig. 5 shows
those two limits plotted. Bayerite is roughly twice as soluble as gibbsite and bayerite has been
observed to limit aluminum in the presence of carbonate [18, 19].
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Figure 4. Calculated versus measured total Bayer Al versus free hydroxide.
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Plot of measured Al solubility (various markers) as function of free OH" for a range of
temperatures (65-175 C) and concentrations from Rosenberg and Healy 1996 [15]. Predictions
from Eq. 18 (red circles) use gibbsite parameters from Table I.

Having such a simple expression for aluminate solubility as Eq. 18 that is consistent with
limiting solubilities for such a large variation of solutions and temperatures suggests an
underlying simplicity for aluminate solubility. That is, the activity factors for aluminate and
hydroxide seem to be nearly equal and their ratio is therefore close to unity.

The dehydration dimer of aluminate has been observed in Raman spectra and reported many
times in the past. Although various equilibrium constants have been reported, the relative
intensities of Raman features associated with dimer versus monomer have never been
established. The fit of the data in Fig. 3 represents the first report of the dimer equilibrium that
accounts for the dimer versus monomer amounts consistent with the measured gibbsite
solubilities in Fig. 3.

Table III provides average Hanford tank waste liquid and slurry compositions showing the major
electrolytes and solids present. There are in addition a large number of minor components as
well.
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Figure 5. Calculated and measured total Hanford tank Al versus free hydroxide.
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These selected liquid assays ranged in total Na from 3 to 7 M and show Al in mols/L as reported
by TWINS (+). Also shown are the calculations by Eq. 18 (A) with bayerite parameters in Table
1 along with the WTP gibbsite (0) and bayerite (...) calculations, all at 25 C.

Table I11. Average Hanford tank waste liquid and solid compositions given dilution to 5.0 M
Na.

Average liquid feed
composition after retrieval

Na* 5.0

NO;° 1.6

NO,° 0.63
OH 0.58
Al(OH), 0.28
CO; 0.31
PO,> 0.09
SO, 0.08
TOC 0.09

Average sludge feed
composition after retrieval

Al(OH); 6.1 W%
FeOOH 0.7 Wt%
Na;PO, 0.6 Wt%
Na,CO; 0.4 Wt%
CrOOH 0.2 Wt%
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Figure 6. Calculated versus measured total Al.
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Figure 6. Plot of measured versus calculated aluminum molarity by the DDS for 966 assays of
Hanford tank liquids from TWINS ranging from dilute to 12 M Na.

SUMMARY

The dimer/dSyix (DDS) model is a relatively simple thermodynamic model that is consistent with
reported aluminum solubility over very wide ranges of compositions and temperatures. If it were
to be further validated, the DDS model could prove quite useful for a wide range of applications.

It is not often that work with nuclear waste concentrates provides insight into industrial
chemistry. Not only is it apparent that the aluminate dimer and therefore water activity have
important roles in aluminate solubility, the very complexity of each mixture must be very
carefully accounted for in any thermodynamic parameterization. In particular, fitting
parameterized activity functions to Al solubility data will not scale correctly without proper
consideration of dimer, water activity, and entropy of mixing for these complex mixtures.

The quality assurance that was applied for this paper is consistent with current policy for the
application intended.
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