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Abstract
Despite widespread industrial importance, predicting metal solubilities in highly 

concentrated, multicomponent aqueous solutions is difficult due to poorly understood ion-ion 
and ion-solvent interactions.  Aluminum hydroxide solid phase solubility in concentrated sodium 
hydroxide (NaOH) solutions is one such case, with major implications for ore refining, as well as 
processing of radioactive waste stored at U.S. Department of Energy legacy sites, such as the 
Hanford Site, Washington State. The solubility of gibbsite (α-Al(OH)3) is often not well predicted 
because other ions affect the activity of hydroxide (OH-) and aluminate (Al(OH)4

-) anions. In the 
present study, we systematically examined the influence of key anions, nitrite (NO2

-) and nitrate 
(NO3

-) as sodium salts on the solubility of α-Al(OH)3 in NaOH solutions taking care to establish 
equilibrium from both under- and oversaturation. Rapid equilibration was enabled by use of a 
highly pure and crystalline synthetic nano-gibbsite of well-defined particle size and shape. 
Measured dissolved aluminum concentrations were compared with those predicted by an α-
Al(OH)3 solubility model derived for simple Al(OH)4

-/OH- systems. Specific anion effects were 
expressed as an enhancement factor (Alenhc) conveying the excess of dissolved aluminum. At 
45°C, NaNO2 and NaNO3-containing systems exhibited Alenhc values of 2.70 and 1.88, respectively, 
indicating significant enhancement. The solutions were examined by Raman and high-field 27Al 
NMR spectroscopy, indicating specific interactions including Al(OH)4

--Na+ contact ion pairing and 
Al(OH)4

--NO2
-/NO3

- ion-ion interactions. Dynamic evolution of the α-Al(OH)3 particles including 
growth and agglomeration was observed revealing the importance of dissolution/reprecipitation 
in establishing equilibrium. These studies indicate that incomplete ion hydration, as a result of 
the low water activity in these concentrated electrolytes, results in: (i) enhanced reactivity of the 
hydroxide ion with respect to α-Al(OH)3; (ii) increased concentrations of Al(OH)4

- in solution; and 
(iii) stronger ion-ion interactions that act to stabilize the supersaturated solutions. This 
information on the mechanisms by which α-Al(OH)3 becomes supersaturated is essential for 
more energy-efficient aluminum processing technologies, including the treatment of millions of 
gallons of Al(OH)4

--rich high-level radioactive waste.
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Introduction
Predicting metal solubilities in concentrated multicomponent aqueous electrolytes 

remains a major industrial and technological challenge due to poorly understood ion-ion and ion-
water interactions at the molecular-scale. The solubility of aluminum in caustic solutions, where 
the dominant species is the aluminate anion, Al(OH)4

-, is one classic case of widespread 
importance. For example, the Bayer process that is used to produce the world’s supply of 
aluminum products (e.g. alumina Al2O3 for aluminum metal production) relies on precipitation of 
the mineral gibbsite (α-Al(OH)3) as an essential intermediate.1 Milling of aluminum-bearing ore 
(bauxite) starts by its dissolution in caustic soda (NaOH) solutions at temperatures up to 200°C in 
accordance with Eq. 1. 

𝐴𝑙(𝑂𝐻)3(𝑠) +  𝑂𝐻 ― (𝑎𝑞)↔ 𝐴𝑙(𝑂𝐻) ―
4 (𝑎𝑞)

The resulting Al-rich solutions are subsequently clarified, cooled, and diluted with water.2  
However, precipitation of the desired α-Al(OH)3 phase is often slow and suffers from low yields 
– hence the solutions are seeded with α-Al(OH)3 which enhances precipitation to limited extent.3 
This metastability of supersaturated aluminate solutions is well-documented, but the underlying 
causes related to speciation or distribution of complexed/hydrolyzed species at the molecular-
scale are only speculated.2, 4-6 

Similar concerns pertain to the proposed processing of ca. 200,000 m3 of caustic 
aluminum-rich high-level radioactive waste, currently stored in 177 underground tanks at the 
U.S. Department of Energy’s Hanford Nuclear Reservation.7-8 In these complex multicomponent 
slurry and supernatant wastes, Al is present due to chemical removal of Al metal cladding from 
early Hanford fuels, addition of Al(NO3)3 as a solvent extraction “salting agent” in reduction-
oxidation (REDOX) reprocessing operations, and use of Al(NO3)3 to sequester corrosive fluoride 
used in dissolution processes.8-10 Much of this aluminum has precipitated out of aqueous solution 
as phases such as α-Al(OH)3, and boehmite (γ-AlO(OH)) but there still remains a large dissolved 
load in the highly concentrated supernatant solutions. Hanford waste exhibits extremely high 
apparent solubility of Al, with concentrations that are three to ten times higher than in simple 
solutions at the same NaOH concentration.4 These elevated Al concentrations have been 
previously assumed to be the result of slow precipitation kinetics.11  However, a recent study 
verified that α-Al(OH)3 was three times more soluble in Hanford waste (with the presence of 
other solute species) than in comparable NaOH concentrations, which suggests that while 
kinetics play a role, there is a real but yet unclear counterion effect leading to the observed 
thermodynamic effect.12 

The concept of specific interactions enhancing solubilities in aqueous solutions has been 
known for nearly 100 years.13  Since its development, specific ion interactions have been included 
in numerous solubility models for concentrated aqueous solutions.14 They are generally 
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integrated as empirical interaction factors between components in solution or as formation of 
ion-pairs for particularly strong interactions. Although the phase equilibria and solubility 
calculations are inextricably linked to ion pairing, redox reactions, complexation and other 
phenomena at molecular-scale, many systems can be modeled just as well by increasing the 
number of empirically determined interaction parameters including assumed ion pairs in the 
liquid.15  Indeed, the large number of empirical parameters in solubility models limits our ability 
to assign any physical significance to the parameters.14-15  Consequently, this work represents a 
combined solubility and spectroscopy study to evaluate underlying physical phenomena. 

Although the waste at Hanford is a multi-component mixture of electrolytes, the two 
most prevalent dissolved species, in addition to sodium hydroxide and aluminate, are sodium 
nitrite and sodium nitrate. Given the large concentrations of these electrolytes, specific 
interactions between aluminate and hydroxide with either nitrite or nitrate as well as with added 
sodium could account for some of the elevated aluminum solubilities observed in Hanford waste. 
In the current study, we explore the solubility of α-Al(OH)3 in the α-Al(OH)3-NaOH-H2O system, 
and methodically assess the influence of NaNO2 and/or NaNO3 by establishing equilibrium from 
both under- and over-saturation. Measured equilibrium concentrations are compared with the 
values predicted by solubility models derived for simple sodium aluminate/hydroxide systems 
validated against α-Al(OH)3 solubility in real and simulated tank waste. The effects of NO2

- and 
NO3

- are represented by a relative enhancement factor (Alenhc) term. High-field 27Al NMR and 
Raman spectroscopic characterization of the final solutions is used to probe change in Al 
speciation as a function of the underlying solution chemistry. Additional characterization of solids 
at equilibrium with the solution confirms that the solid phase remains as α-Al(OH)3, but suggests 
a dynamic evolution of particle size and morphology. These collective findings provide a 
quantitative understanding of the effects of NO2

-, and NO3
- on the solubility of α-Al(OH)3. This 

mechanistic information will inform solubility models, allowing the rational design of solution 
conditions to control aluminum solubility, both for aluminum refining and for the processing of 
high-level radioactive waste. 

Experimental
Synthesis of α-Al(OH)3

Nano-sized α-Al(OH)3 particles (ca. 350 x 35 nm length x width) were synthesized 
according to procedure described elsewhere.16  Briefly, a 0.25 mol L-1 solution of aluminum 
nitrate nonahydrate (Al(NO3)3·9H2O, ≥98%, Sigma-Aldrich) was prepared and titrated using 1.0 
mol L-1 sodium hydroxide (NaOH, ≥98%, Sigma-Aldrich) to reach a pH of 5. The resulting 
precipitates were stirred at room temperature for one hour and collected by centrifugation. 
Three H2O (18 MΩ-cm) wash/centrifugation cycles were performed to remove residual Na+ and 
NO3

- ions. The washed precipitate was re-dispersed in H2O, transferred to a Teflon autoclave, 
sealed in a Parr bomb, and heated (80°C) in an electric oven equipped with a rotating element 
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(ca. 10 rpm) for 96 hours. Resulting α-Al(OH)3 particles were harvested by centrifugation and 
subject to the same triple H2O wash/centrifugation cycle prior to drying in an oven at 50°C 
overnight. The identity of α-Al(OH)3 was confirmed before and after the dissolution experiments 
using powder X-ray diffraction (PXRD). No secondary Al-containing phases were detected (see 
Supporting Information).

Solubility Experiments
All solubility experiments were conducted in triplicate, in sealed Teflon tubes, and in an 

argon-filled glove box to minimize CO2 capture by concentrated NaOH solutions. Experiments to 
determine Al solubility by approaching equilibrium from undersaturation were conducted by 
adding 0.304 – 2.614 g of nano-platelet α-Al(OH)3 to 13 mL of solution containing varying 
concentrations of NaOH solution and added NaNO3 (Fisher Scientific, >99%) and/or NaNO2 
(Fisher Scientific, >97%) (Table 1). H2O (18 MΩ-cm) used in the solubility experiments was boiled 
and degassed prior to use. Given that high quantities of NaNO3 and/or NaNO2 used in the 
solubility experiments, the starting solutions were analyzed by ion chromatography (IC) for the 
presence of possible impurities; chloride (< 250 ppm), bromide (< 500 ppm), fluoride (< 100 ppm), 
phosphate (< 750 ppm), and sulfate (< 750 ppm) were all below their estimated quantitation 
limits. Teflon tubes containing the solutions were placed in aluminum blocks on a stirrer hot plate 
set at 45°C and stirred using Teflon stir bars at a speed of 600 rpm. The temperature in the blocks 
was monitored with a thermometer (±0.1°C). Experiments to determine Al solubility by 
approaching equilibrium from oversaturation were conducted by adding excess nano-platelet α-
Al(OH)3 (ca. 1.5-times the expected solubility at 45°C, see Supporting Information for solubility 
model details) to the NaOH solution and heating overnight to 80°C until a clear solution was 
obtained (Table 1). These supersaturated solutions were subsequently cooled to 45°C (indicated 
as 80  45°C) and allowed to approach equilibrium. After ≥49 days at 45 °C, seed crystals of 
nano-platelet α-Al(OH)3 starting material (0.4 g) were added to the oversaturation tests to 
promote α-Al(OH)3 precipitation. Samples of the solutions (300 µL) were taken periodically and 
rapidly dispensed through pre-heated 13-mm diameter 0.2-µm pore size polyvinylidene 
difluoride syringe filters. The filtrate was subsequently diluted with 2% HNO3 (Optima trace metal 
grade, Fisher Scientific), and the resulting acidic solution was analyzed within 24 hours by 
inductively coupled plasma optical emission spectrometry (ICP-OES) for Al concentration. The 
complex nature of the resulting solutions precluded the use of gravimetric or volumetric methods 
for determining solubility.17 Density was determined gravimetrically using known aliquot volume. 
Once equilibrium was reached, the final sample was also analyzed by IC for NO2

- and NO3
- 

concentrations and total alkalinity was measured for OH- concentrations (see Supporting 
Information for additional details). The tests are abbreviated as aXY or bXY, where a and b 
represent tests performed from under-, and oversaturation, respectively, X represents the 
experiment number (1-5), and Y indicates the identity of the additional salt, other than sodium 
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hydroxide (NaOH) (e.g. a1NO2, Table 1). At the end of contact times, the resulting solids were 
collected by vacuum filtration through a PYREX Buchner filter funnels with fine fritted glass filters 
(4 to 6 µm), washed with absolute alcohol, and dried in air at 50°C. A complementary set of 
experiments conducted from undersaturation at 27°C were carried out to confirm temperature-
independence of observed solubility trends (see Supporting Information).

Table 1. Mass based composition of stock solutions and the average mass of α-Al(OH)3 used in triplicate experiments (per 13 mL 
of stock solution)

Exp.
NaOH

(g)
NaNO2

(g)
NaNO3

(g)
H2O
(g)

Al(OH)3

(g)
Temp. 

(°C)
a1 4.051 58.199 0 99.374 0.304 45
a2 4.047 0 53.200 98.688 0.304 45
a3 16.066 34.589 42.972 99.735 1.605 45
a4 24.266 0 0 99.337 2.614 45
b1 4.040 60.944 0 99.837 0.309 80  45
b2 4.010 0 52.483 100.325 0.304 80  45
b3 16.014 34.916 43.994 99.461 1.601 80  45
b4 24.180 0 0 99.334 3.398 80  45

Solid Phase Characterization
Powder X-ray diffraction patterns were collected on a Phillips diffractometer equipped 

with a graphite post-diffraction monochromator and a CuK⍺ X-ray source (λ = 1.5406 Å). Finely 
ground samples were loaded into zero-background holders and data were taken from 10 to 80 
degrees 2-theta. Phase identification was carried out using JADE software in conjunction with 
ICDD database, which includes the Inorganic Crystal Structure Database. Scanning electron 
micrographs were collected using a Helios NanoLab 600i SEM (FEI, Hillsboro, OR). A thin carbon 
film (ca. 10 nm) was sputter coated on each sample prior to imaging. Additional instrumental 
details and procedures for nuclear magnetic resonance (NMR, MAS-NMR), Brunauer-Emmett-
Teller (BET) specific surface area measurements, and Raman spectroscopy are available in 
Supporting Information. 

Results 
α-Al(OH)3 characterization 

The purity of the α-Al(OH)3 utilized in solubility measurements was confirmed using X-ray 
diffraction (XRD). The calculated and observed background-subtracted XRD patterns are shown 
in Figure 1 where α-Al(OH)3 (gibbsite, ICDD ID: 04-011-1369) was the only identifiable crystalline 
phase. 27Al magic angle spinning (MAS) NMR spectra collected on the starting material confirm 
the purity of the α-Al(OH)3. The asymmetric 27Al resonance observed at ca. 9.5 ppm corresponds 
to two unique octahedrally coordinated Al sites present in the crystal structure of α-Al(OH)3 and 
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is consistent with prior literature reports (Figure S1).18-21 The presence of trace amorphous Al gel, 
or undercoordinated surface sites can be ruled out due to lack of signals in the 40 and 70 ppm 
regions corresponding to five- and four-coordinate Al, respectively.22-25 The morphology, 
dispersity and approximate dimensions of as synthesized material were evaluated using scanning 
electron microscopy (SEM) (Figure 2, top). An estimate of particle size from the SEM micrographs 
indicated an average particle length and thickness of 347±74 and 35±14 nm, respectively (Figure 
2, bottom). The Brunauer-Emmett-Teller (BET) specific surface area for α-Al(OH)3 starting 
material was 32.5 m2/g. These sub-micron, high surface area particles were selected to enhance 
dissolution rates and shorten the time required to reach equilibrium. 

Attainment of equilibrium from under- and oversaturation

Figure 1. Experimental (black) and model (red) powder 
X-ray diffraction patterns of the α-Al(OH)3 nano-
particles used in solubility measurements.

Figure 2. (top) SEM micrograph of the as-synthesized α-
Al(OH)3 used in solubility experiments showing euhedral, 
hexagonal plate-like morphology.  (bottom) Histogram of 
the length and thickness of the as-synthesized α-Al(OH)3.
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Equilibrium aluminum (Al) concentrations were established to determine the solubility of 
α-Al(OH)3 in the different solutions (Table 1). ICP-OES results are summarized in Figure 3. Al 
concentrations for the 45°C tests obtained from undersaturation (i.e. determined by dissolution 
of excess α-Al(OH)3) increased gradually to reach steady-state by 21 (a1NO2, a2NO3, and a3NO2/NO3) 
and 35 (a4) days. All systems remained stable until completion of sampling at 81 days with 
average Al concentration plateau values of 0.176±0.007 mol L-1 for a1NO2, 0.145±0.007 mol L-1 for 
a2NO3, 0.751±0.040 mol L-1 for a3NO2/NO3, and 1.009±0.046 mol L-1 for a4. 

Solubility tests from oversaturation with the same initial solution compositions to a1NO2 
(b1NO2), a2NO3 (b2NO3), a3NO2/NO3 (b3NO2/NO3), and a4 (b4) were carried out. For tests b1NO2 and b4 
(Figure 3a, d), no crystallization or decrease in Al concentration was observed in any of the 
triplicates prior to the addition α-Al(OH)3 seed crystals (seeding denoted by arrow). For test b2NO3, 

Figure 3. Al concentrations versus reaction time for tests 
(a) a1 and b1 (OH-/NO2

-), (b) a2 and b2 (OH-/NO3
-), (c) a3 

and b3 (OH-/NO2
-/NO3

-), and (d) a4 and b4 (OH-). Addition 
of α-Al(OH)3 seed crystals is indicated with an arrow. 
Horizontal lines represent the average Al concentrations 
obtained from undersaturation.
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two of the triplicates developed turbidity after 49 days, accompanied by ca. 15% decrease in Al 
concentration, compared with the triplicate that showed no obvious crystallization (Figure 3b). 
For test b3NO2/NO3 one of the triplicates developed turbidity after 49 days, accompanied by ca. 
21% decrease in Al concentration compared with the two triplicates that showed no obvious 
crystallization. These results highlight that the oversaturated solutions are thermodynamically 
unstable, and small fluctuations in solution conditions between the triplicate samples can be 
enough to overcome the kinetic barrier to crystallization.5 After 76, 49, 49, and 66 days, 
respectively, α-Al(OH)3 seed crystals were added to b1NO2, b2NO3, b3NO2/NO3, and b4 samples 
(Figure 3, arrows) resulting in Al concentrations matching (or approaching) those attained within 
the similar 20-30 days for the tests from undersaturation. To confirm that α-Al(OH)3 remained 
the solubility controlling phase after exposure to elevated temperature, the residual solids were 
harvested by vacuum filtration and characterized by PXRD and SEM. 

The effect of temperature and anion concentration on particle morphology and surface area
PXRD analysis confirmed retention of the original α-Al(OH)3 phase as the only Al bearing 

species (see Supporting Information). Residual NaNO2 and/or NaNO3 phases were present due 
to use of ethanol during the harvesting and washing steps. SEM analysis of the α-Al(OH)3 phase 
after reaction showed clear changes to the particle size and morphology, particularly following 
seeding of oversaturated solutions. The changes were likely the result of either growth (via 
oriented attachment, or Ostwald ripening), or re-precipitation/nucleation. 

Select SEM micrographs are shown in Figure 4 and 5. The solid phases extracted from 
suspensions in which equilibrium was obtained from undersaturation (a1-4) show minimal 
alteration of the initially euhedral, hexagonal plates, despite long contact time (up to 81 days) 

Figure 4. SEM micrographs of α-Al(OH)3 solids harvested at 
the end of 45°C (undersaturation) solubility experiments.
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and constant agitation (Figure 4). Partial dissolution of the starting phase is evident from 
presence of small, irregular particles (< 200 nm) and rounded edges when compared to the 
starting material (Figure 2). New {1 0 1}, and {1 1 2} chamfered faces are noted in particles 
extracted from a3NO2/NO3 and a4 experiments.26 Particles extracted from suspensions in which 
equilibrium was obtained from oversaturation (b2NO3, b3NO2/NO3, and b4) show considerable 
alteration (Figure 5). Particles ca. 1 µm in size assume morphologies ranging from hexagonal 
prismatic with well-developed basal {0 0 1} and prismatic {1 0 0}, {1 1 0} faces (b2NO3) to complex, 
multi-chamfered, and in-grown particles (b3NO2/NO3 and b4) showing early stages of random 
agglomeration.26-27 

The high surface area of the starting material (32.5 m2/g) paired with SEM micrographs 
suggests that the 45°C experiments attained equilibrium from undersaturation mainly by means 
of particle dissolution, although tests a3NO2/NO3 and a4 exhibited particles with new chamfered 
faces (Figure 4) consistent with particle growth/re-precipitation. Oversaturation experiments 
demonstrate that introduction of high-surface area seed crystals induces growth/precipitation 
resulting in formation of ca. 1 µm sized particles with well-developed, euhedral faces (Figure 5). 

Spectroscopic characterization of aluminate solutions
Identifying and understanding the interactions between species present in caustic 

aluminate solutions is central to advancement of predictive models. To gain insights into the 
chemistry of the α-Al(OH)3-NaOH-H2O system in the presence and absence of NaNO2 and/or 
NaNO3, Raman and 27Al NMR spectra were collected at the end of the experiments. Figure 6 
shows Raman spectra of the a1-4 solutions, highlighting the positions of the symmetrical 

Figure 5. SEM micrographs of α-Al(OH)3 solids harvested at 
the end of 80  45°C (oversaturation) solubility 
experiments.
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vibration of the Al(OH)4
- (ca. 625 cm-1), and the bending modes of NO3

- (ca. 724 cm-1) and NO2
- 

(ca. 822 cm-1). The position of the Al(OH)4
- signal (> 624 cm-1) indicates presence of a Na+…Al(OH)4

- 
contact ion pair (CIP) as solvent separated ion pair (SSIP) are commonly observed at 620 cm-1.2 
The constant position of the Al(OH)4

- band in Figure 6 (625 cm-1) indicates that the aluminate-
cation interactions remain unchanged, despite the significant disparities in solution composition. 
Notably, no signals are observed in the 500-700 cm-1 spectral window that would indicate 
presence of significant quantities of dimeric aluminate species (e.g. Al2O(OH)6

2-).28-30 The lack of 
a signal at 724 cm-1 in the Raman spectrum of a1NO2 (Figure 6), combined with ion 
chromatography results (Table 2), indicates that no oxidation of NO2

- took place under 
considered experimental conditions. 

High-field 27Al NMR spectra of solutions at the end of the experiments are summarized in 
Figure 7. Use of a physically separated, coaxial insert containing an internal standard (1 mol L-1 
Al(NO3)3 in H2O, δ = 0 ppm, see Supporting Information) allowed for precise and accurate 
determination of Al(OH)4

- chemical shifts that range from ca 79.583±0.015 to 80.697±0.007 ppm. 
Nitrite containing systems (blue circles) exhibit the most downfield chemical shifts with respect 
to hydroxide only systems (green pentagons). Prior literature reports indicate that increasing OH- 
concentrations (at constant Al concentration) result in an upfield chemical shift, and increasing 
Al concentration (at constant OH- concentration) results in a downfield chemical shift, of the 27Al 
signal.31 Although the observed trend in 27Al NMR chemical shifts (a1NO2>a2NO3>a3NO2/NO3>a4) is in 
agreement with literature trends, the span of observed chemical shifts (a1NO2 and a4, Δδ = 1.1 
ppm) is anomalously high considering that chemical shifts of aluminate solutions characterized 
by NaOH concentrations of less than 5 mol L-1 are expected to be independent of Al 
concentration.2, 31 Detailed interpretation of literature trends is challenging as at extreme limits, 
both the increase of [Na] at low [Al], as well as increase of [Al] at constant [Na], result in higher 
probability of SSIP or CIP formation.2, 6, 31 Taking into account the constant position of the 

Figure 6. Raman spectra of the a1-4 solutions at the end 
of contact time showing signals corresponding to the 
aluminate ion (625 cm-1), nitrate ion (724 cm-1), and 
nitrite ion (822 cm-1).

Page 10 of 20Physical Chemistry Chemical Physics



symmetrical vibration of the Al(OH)4
- in these solutions determined by Raman spectroscopy 

(Figure 6) the significant downfield shift of 27Al signals in the presence of NaNO2 and/or NaNO3 
likely arises due to a number of possible anion-cation (Al(OH)4

-…Na+), and/or anion-anion (e.g. 
Al(OH)4

-…Al(OH)4
-, Al(OH)4

-…NO2
-) interactions, the latter of which has been observed and 

extensively studied in phosphate-based systems amongst others.32-34 

Measured, predicted, and literature values of α-Al(OH)3 solubility
Equilibrium Al concentrations were compared with results obtained from a new 

calculation for α-Al(OH)3 solubility, made using the Pitzer virial-coefficient approach and 
literature data for activity coefficient corrections and interaction parameters.6 Results are 
discussed in terms of molality (m, mol kg-1), calculated using measured equilibrium 
concentrations of OH-, NO2-, and NO3- (Table 2), as differences in density of the concentrated 
NaNO2/NaNO3 solutions can be superimposed on observed thermodynamic differences. 

Equilibrium thermodynamics calculations were performed using the PHREEQC software 
package (version 3) that augments the default Pitzer database and our tabulated data block to 
include α-Al(OH)3 equilibrium constants and Pitzer parameters best selected from the 
literatures.35 This extended Pitzer database was discussed in detail and used previously in our 
two related works.6, 36 For demonstration, we provide an example of PHREEQC input file (see 
Supporting Information) for the calculation of α-Al(OH)3 solubility in NaOH-H2O system at 45°C. 
Comparison of the current model against literature α-Al(OH)3 solubility across a range of 
temperatures in the NaOH-H2O system shows good agreement (Supporting Information). The 
calculated solubility curve of α-Al(OH)3 at 45°C is illustrated in Figure 8 as a function of increasing 
alkaline concentrations. Here, the notional free hydroxide ion concentration, [OH-]free, is defined 
as [OH-]free = [NaOH]total – [Al3+]total (the subscript total denotes analytical or total concentration), 
and [OH-]free represents the actual free hydroxide ion concentration if the only significant 
aluminum-containing complex in solution is Al(OH)4

-. Same definition also applies to the systems 
containing additional NO2

- and/or NO3
- species. 

Figure 7. High-field 27Al NMR spectra of internally 
referenced 12 tests solutions showing the chemical 
shift as a function of free hydroxide concentration 
and solution composition. 
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Table 2. Average solution temperatures, densities, solute concentrations (in mol kg-1), and enhancement factors, Alenhc at the 
final sampling 

Exp. [OH-]free

(m)
[Al]
(m)

[NO2
-]

(m)
[NO3

-]
(m)

Density
(g/cm3)

Avg. 
Alenhc

a

Temp
(°C)

a1 0.620±0.029 0.230±0.012 9.963±0.133 0 1.326±0.007 2.70 43.3
a2 0.701±0.059 0.181±0.002 0 6.368±0.220 1.316±0.013 1.88 43.3
a3 2.488±0.223 0.968±0.044 4.673±0.170 4.529±0.156 1.451±0.017 2.42 43.3
a4 4.627±0.087 1.047±0.034 0 0 1.248±0.009 1.06 43.3
b1 0.924±0.022 0.363±0.011 13.025±0.181 0 1.368±0.008 2.80 80  46.8
b2 0.698±0.014 0.169±0.003 0 5.630±0.182 1.311±0.003 1.76 80  45.2
b3 2.435±0.140 1.254±0.029 5.209±0.046 4.913±0.050 1.463±0.006 3.21 80  45.2
b4 4.760±0.249 1.253±0.211 0 0 1.248±0.013 1.21 80  46.8

aAlenhc=[Al]meas/[Al]pred where [Al]pred correspond to the Pitzer predicted [Al] concentration at observed [OH]free. 

To compare solubility trends between systems containing only OH- and systems 
containing various amounts of NaNO2 and/or NaNO3, the experimentally measured 
concentrations were divided by those predicted by the α-Al(OH)3 solubility model to calculate 
enhancement factors for aluminum (Alenhc) (Table 2). Higher solubility of α-Al(OH)3 in systems 
containing NaNO2 and/or NaNO3 is apparent from the Alenhc values of 2.70,  1.88, and 2.42 for the 
Al solubility attained in a1NO2, a2NO3, and a3NO2/NO3, respectively. Additional inspection of these 
results indicate that α-Al(OH)3 solubility is not solely influenced by the ionic strength of the 
system (i.e. Na+ concentration), as Alenhc value for a1NO2 (9.5 mol kg-1 Na+) is higher than in a2NO3 

(7.4 mol kg-1 Na+), or a3NO2/NO3 (14.1 mol kg-1 Na+). This implies that the anion (NO2
- or NO3

-) has a 
greater influence on the enhancement of α-Al(OH)3 solubility. Furthermore, for experiments 

Figure 8. Measured α-Al(OH)3 solubility in current 
experiments versus solubility predicted from Pitzer 
model in the system of α-Al(OH)3-NaOH-H2O.
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approached from undersaturation the addition of NO2
- to the α-Al(OH)3-NaOH-H2O system 

results in the highest α-Al(OH)3 solubility enhancement (as Al(OH)4
-) followed by the addition of 

both NO2
- and NO3

-, with addition of only NO3
- showing the lowest Alenhc values (Table 2). Higher 

Alenhc observed in NO2
- system can, in part, be the result of its higher solubility as compared to 

NO3
-. Addressing the relative enhancement as a function of anion identity requires further 

investigation. It is worth noting that the system containing NO2
- approached from 

supersaturation, despite addition of seed crystals and prolonged aging, exhibited slightly 
elevated Al concentrations in solution (Figure 3a). This is reflected in the Alenhc value of 2.80, as 
compared to 2.70 for a1 (undersaturation). Similar discrepancy is noted for experiment b3. The 
reason for stability of supersaturated aluminate solutions is a topic of ongoing studies. A set of 
complementary 27°C experiments conducted from undersaturation and resulting equilibrium Al 
concentrations were compared against the current model (see Supporting Information). 
Calculated Alenhc values of 2.56, 1.80, and 2.61 (at 27°C) corresponding to experiments conducted 
in the presence of NO2

-, NO3
-, and both NO2

- and NO3
-, respectively, confirm that the identity of 

the anion plays a critical role in the solubility enhancement across a wide range in temperature. 

Discussion
In order to understand the mechanisms by which α-Al(OH)3 becomes supersaturated in 

these concentrated systems, the effect of low water content on the speciation of the different 
ions in the system must be considered. Thermodynamics of solutions comprised of monovalent 
ions at the dilute limit ([M+] < 0.1 m) are well described by the Debye-Hückel equation.37 Such 
systems contain an excess of 270 water molecules per ion affording complete solvation of ionic 
species. However, as the concentration of solutes increases, ion-ion interactions become an 
important consideration. Specifically, the solutions studied here are characterized by five or 
fewer water molecules per ion, suggesting that archetypal solvation environment of OH- (four 
water molecules), Al(OH)4

- (five water molecules), Na+ (five to six water molecules), NO2
- and NO3

- 
(six water molecules) can no longer be satisfied.38-42 Indeed, shifts in the wavelength of the 
Al(OH)4

- band in the Raman spectra for all of the solutions studied here indicate formation of 
Al(OH)4

- contact ion pairs, consistent with the lack of water to coordinate the ions in these highly 
concentrated, solvent-deprived systems (Figure 6). 

Given that OH- is solvated by the fewest number of water molecules, it is likely that this 
ion will be most affected when there are insufficient water molecules to fill the first solvation 
shell. Studies of hydroxide ion solvation in NaOH solutions show that at high concentration (≥6 
m), the number of H2O molecules that are H-bonded to OH- (via hydroxyl O atom) in the first 
solvation shell decreases from four to three.43-44 From computational studies, this change in 
solvation structure occurs when the H2O:NaOH ratio drops below eight, corresponding to four or 
fewer water molecules per ion, and is concurrent with formation of H-bonded OH--OH- and Na+-
Na+ moieties.45-47 The change in hydration number of OH- is reflected in the physical properties 
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of concentrated NaOH solutions, with considerable differences in the slope of the viscosity, 
electrical conductivity, and partial molal heat capacities noted as their water content decreased 
below ca. nine to eight water molecules per mole of NaOH (ca. four waters per OH-).48 Analogous 
deviations were noted in water activity trends and the mechanism of proton transfer.37, 45 Thus, 
it can be expected that this change in hydration number for OH- will also affect its reactivity with 
respect to the dissolution and precipitation of α-Al(OH)3 under caustic conditions, in accordance 
with Eq. 1. 

Figure 9 shows the Al:OH mole ratio at equilibrium with α-Al(OH)3 as a function of H2O:Na+ 
mole ratio, for the α-Al(OH)3-NaOH-H2O system at 30, 45 and 50°C.49-53 The solubility of α-Al(OH)3 
is relatively low (<0.5 mol Al/mol OH) when the H2O:Na+ mole ratio is high, but there is a sharp 
transition to significantly higher α-Al(OH)3 solubility when the system contains fewer than about 
eight mol of water per mol of NaX (i.e., four water molecules per ion, X = OH-, NO2

-, NO3
-, or 

Al(OH)4
-) (denoted by the dashed line in Figure 9). Notably, addition of sodium nitrite and/or 

nitrate in the present study reduces the available hydration number per NaX from ca. 79 to five 
for a1NO2, 70 to eight for a2NO3, and 19 to four for a3NO2/NO3 compared to systems defined by the 
same hydroxide content (Figure 9, unfilled vs. filled points). Thus, the addition of NO2

- and NO3
- 

comes at the substantial expense of remaining available H2O, triggering new system properties 
arising from under-solvation of the OH- anion, leading to enhanced α-Al(OH)3 solubility.

That these conditions uniquely favor enhanced solubilization of Al(OH)4
- may be due to 

its greater ability to partake in anion specific interactions relative to OH-, including the prospect 
of forming multinuclear species.28-29, 54 The evidence for this is provided in part by a shift in the 
Al(OH)4

- band in the Raman spectra, indicating formation of Al(OH)4
- contact ion pairs, and in part 

by the change in 27Al NMR chemical shift, which shows progressive de-shielding of the 27Al 

Figure 9. Comparison of literature values for the 
H2O:Na molal ratio at equilibrium with α-Al(OH)3 
with present work. Unfilled blue circle, orange 
square, and red triangle symbols represent the 
predicted ratios for a1NO2, a2NO3, and a3NO2/NO3 
experiments without added NO2

- and/or NO3
-, 

respectively. 
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nucleus in systems containing NO3
- and NO2

-. As current experimental parameters preclude 
determination of solubility enhancement as a function of anion identity (NO2

- vs. NO3
-), the 

reason for why nitrite should have a larger effect than nitrate remains unclear; at more dilute 
conditions their affinities for and numbers of waters of solvation remain a matter of ongoing 
debate, though their tendencies to form contact ion pairs with Na+ are thought to be similar.55 
The observed effect may therefore have more to do with their relative solubility in complex 
multicomponent mixtures and propensities for anion-anion interactions, a less explored topic 
deserving of future research. This reinforces the broader finding that the observed solubility 
enhancement of α-Al(OH)3 and stabilization of Al(OH)4

- is achieved through specific anion 
interactions, the details of which depends on the nature of the anion.

Conclusions
Motivated by the poorly understood excess Al concentrations in low water, highly 

concentrated NaOH radioactive waste solutions stored at DOE legacy sites, the present study 
sought to determine if enhanced α-Al(OH)3 solubility and Al(OH)4

- ion-pairing can also be induced 
at lower OH- concentrations by replacing H2O with other relevant highly soluble salts of NaNO2 
or NaNO3.

α-Al(OH)3 equilibrated with modest quantities of NaOH in highly concentrated solutions 
of NaNO2 or NaNO3 limited the solvent content to less than four H2O molecules per dissolved ion.  
Equilibrium concentrations of Al in the α-Al(OH)3-NaOH-H2O system, in the presence and absence 
of NaNO2 and/or NaNO3, were determined from both under- and oversaturation at 45°C. In the 
absence of added NaNO2 or NaNO3, measured Al concentrations agreed well with predictions 
from a new α-Al(OH)3 solubility model based on Pitzer virial-coefficients. α-Al(OH)3 particle 
coarsening and agglomeration were evident, consistent with dissolution/reprecipitation during 
equilibration. Both nitrite and nitrate enhanced α-Al(OH)3 solubility above that expected for 
solutions without the additional salts but with the same hydroxide molality. The enhancement 
does not scale with NO2

-/NO3
- concentration, thus appears dependent less on ionic strength and 

more on anion identity.
Concentrated NaOH solutions (> 8 molal) only have enough solvent for ca. 3.5 water 

molecules per dissolved ion, resulting in a transition in the coordination number for OH- from 
four H-bonded H2O molecules to three.  In the α-Al(OH)3-NaOH-H2O system, this is concurrent 
with a change in the 27Al chemical shift in NMR spectra, and in the wavelength of the Al(OH)4

- 
band in Raman spectra, caused by inner sphere ion-pairing between Al(OH)4

- ions, and with Na+ 

ions, in these solutions.  Similarly, Raman spectroscopy and high-field 27Al NMR measurements 
performed here on NO2

-/NO3
--containing systems provide evidence for anion-anion interactions 

between Al(OH)4
- and with NO2

-/NO3
-, which collectively act to stabilize the higher concentrations 

of Al(OH)4
- in solution.
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Our findings confirm that the high solubility of α-Al(OH)3 observed in low water 
environments is caused by the change in ion speciation imposed by the H2O deficit, which favors 
Al(OH)4

- in solution relative to under-solvated OH-. This change is insensitive to the cause of the 
low water environment, occurring both in high concentrations of NaOH, or in lower 
concentrations of NaOH with the addition of other electrolytes like NaNO2 or NaNO3. The effect 
can easily double the solubility of α-Al(OH)3 in high pH solutions, likely contributing to but not 
fully accounting for the three to tenfold solubility increase observed for the caustic radioactive 
wastes.  More research is needed to fully unravel the ion pairing interactions that dominate these 
complex low water activity solutions.
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