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Abstract 15 

Understanding molecular-scale factors governing the precipitation of aluminum hydroxides, such as 16 

gibbsite, under alkaline conditions is important for the formation of laterite deposits, as well as aluminum 17 

processing.  However, mechanisms enabling tetrahedral aluminate ions to assemble into octahedral sites of 18 

the gibbsite lattice remain unclear. Formation of oligomeric complexes has been hypothesized as a critical 19 

intermediate step. Here, we report a study of gibbsite solubility in highly alkaline solutions using deuterium 20 

substitution to probe equilibrium and kinetic factors that could affect oligomeric intermediate formation, 21 

including the reactivity and the diffusivity of aluminate ions. When substituting sodium hydroxide with 22 

sodium deuteroxide, solution analysis shows a nearly 40% and 50% increase in gibbsite solubility in 2.4 23 

and 3.3 mol∙kg-1 total sodium solutions, respectively. Raman spectroscopy indicated that monomeric 24 

aluminate ions are the predominant species in solution irrespective of deuteration. However, both 27Al and 25 

23Na nuclear magnetic resonance (NMR) spectroscopy revealed significant differences in chemical shifts 26 

in deuterated solutions, and analysis of 1H, 23Na, and 27Al diffusion coefficients with pulsed-field gradient, 27 

stimulated echo NMR spectroscopy shows a decrease in ion diffusivity with increasing total deuterium in 28 

solution, consistent with the notion of increasing strength in the hydrogen/deuterium bonding network. 29 

Because the relative change in 1H diffusion coefficients are commensurate with the difference in apparent 30 

solubility constants, there is evidence for an oligomeric intermediate whose steady-state concentration is 31 

maintained by the collision frequency of aluminate ions.  32 
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1.0 Introduction 35 

Classical crystal growth is characterized by the attachment of monomeric atoms, ions, or molecules 36 

onto a primary nucleus or crystal. However, non-classical mechanisms involving assembly from amorphous 37 

or cluster intermediates are increasingly recognized as critically important in nucleation, crystal growth, 38 

and precipitation.1–5 This is especially true for reactions in non-ideal chemical conditions, such as in water-39 

in-salt electrolytes where water activity is low and solvent species strongly influence the behavior of the 40 

system.6,7 Given that there is evidence for cluster-based nucleation pathways, even at solution conditions 41 

thought to be ideal, non-ideality may be commonplace in crystal growth,8 despite remaining poorly 42 

understood.9 Furthermore, the solvent or background electrolytes (nominally called spectator ions) can 43 

affect reactions more than previously thought.10  44 

The present study seeks to improve the fundamental understanding of nonclassical growth 45 

pathways that may underpin crystallization of gibbsite (α-Al(OH)3). Gibbsite is a ubiquitous soil mineral, 46 

where it can act as an important sorbent of toxic or radioactive elements.11–14 Gibbsite is also the dominant 47 

mineral in bauxite deposits, the major ore for aluminum (Al) production. Crystallization of gibbsite under 48 

alkaline conditions is relevant to bauxite formation from lateritic weathering of ultrabasic rock15, bauxite 49 

processing via the Bayer process,16 and for the processing of Cold War nuclear waste.17–23 Under the current 50 

nuclear waste retrieval plan, gibbsite dissolution will be achieved using alkaline solutions with excess 51 

sodium hydroxide.  52 

Under alkaline conditions, the relevant equilibrium determining gibbsite crystallization is given by 53 

(Eq. 1).24 54 

Al(OH)3(s) + OH−(aq)   ⇌   Al(OH)4
  −(aq) (1) 

Substantial research has been conducted on the energetics and kinetics of reaction (1), but many 55 

uncertainties remain.25,26 For example, the experimentally determined solubility values for various 56 

aluminum (oxy)hydroxides exhibit wide and conflicting values.27 Similarly, it is unclear whether gibbsite 57 

crystallizes directly from monomers of aluminate ions, or from oligomeric intermediates maintained at 58 

much lower concentration by rapid conversion to gibbsite. The ongoing ambiguities in possible solution 59 
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species and structure was highlighted in a review of results derived from a variety of experimental 60 

techniques including nuclear magnetic resonance (NMR) spectroscopy, X-ray scattering, and neutron 61 

scattering.28  Of central importance is that the principally tetrahedral coordination of the aluminate ion is in 62 

contrast with the octahedral coordination of Al in gibbsite. A recent molecular dynamics simulation using 63 

umbrella sampling found stable intermediate coordination states of Al on gibbsite surfaces during 64 

dissolution at high pH,29 and similarly there is evidence for under-coordinated Al on gibbsite synthesized 65 

from amorphous aluminum hydroxides under acidic conditions, possibly suggesting interface-mediated Al 66 

coordination changes.30 Finding direct spectroscopic evidence of a reaction pathway bridging the 67 

discontinuous coordination between octahedral- and tetrahedral-coordinated aluminum remains an active 68 

area of research. Recently, in-situ 27Al magic angle spinning NMR was used to study coordination changes 69 

during transformation of gibbsite or sodium aluminate hydrates; however, it was not possible to identify 70 

intermediate species within the timescale of the measurement at the system compositions of those studies.31 71 

While the mechanism has not been directly observed, translational dynamics are implicitly 72 

important to crystallization if it involves aluminate monomers coming together to form oligomeric 73 

intermediates for precipitation to occur. Substitution of deuterium for protium leads to changes in chemical 74 

reactivity,32 often due to changes in reaction kinetics,33 that can be used to gain insight into mechanisms of 75 

both precipitation and dissolution.34–37 In a prior study of supersaturated sodium aluminate solutions at 76 

elevated temperatures, deuteration was noted to cause a different Al(OH)3 polymorph, bayerite (β-77 

Al(OH)3), to co-precipitate in the presence of gibbsite seeds.38 However, there was no mention of bayerite 78 

formation in an additional scanning electron microscopy (SEM) study by the same group using similar 79 

conditions.39 It was further speculated that differences in gibbsite morphology were due to differences in 80 

the hydrogen bonding of deuterated solutions. Specifically, it was noted that differences in hydrogen bond 81 

strength would affect the formation of clusters that are mechanistically important to gibbsite precipitation, 82 

although no spectroscopy on solution species was performed to quantify these differences. It was proposed 83 

that an increase in cluster formation in deuterated solutions would be expected due an increase in nucleation 84 

events. Although the effect of deuteration on the hydrogen bond network is complicated and can be system 85 
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specific,33,40,41 these initial studies suggest that systematic analysis of the effects of deuterium-substitution 86 

could provide insights into factors controlling gibbsite crystallization in alkaline solutions. 87 

Here, sodium hydroxide solutions that are substituted with deuterium to various extents are used to 88 

explore the isotope effect on gibbsite solubility, a phenomenon requiring both dissolution and precipitation 89 

reactions to reach equilibrium. A combination of inductively coupled plasma optical emission spectroscopy 90 

(ICP-OES), 23Na and 27Al NMR spectroscopy was used to quantify the reaction quotient for gibbsite 91 

solubility as a function of the amount of deuterium substitution for protium in solution. The speciation of 92 

Al in sodium hydroxide and deuteroxide solutions was then determined using 27Al NMR and Raman 93 

spectroscopy. The effect of deuterium substitution on the strength of the hydrogen bonding network was 94 

quantified using 1H, 23Na, and 27Al diffusion with pulsed field gradient, stimulated echo NMR spectroscopy. 95 

It is hypothesized that strengthening the hydrogen bonding network would cause a decrease in Al ion 96 

diffusion, which would lead to slower nucleation if it were predicated upon transient formation of 97 

oligomeric Al ion intermediates. We observed a decrease in the precipitation of gibbsite in deuterated 98 

sodium hydroxide, and an attendant increase in gibbsite solubility, consistent with this main hypothesis.  99 

This suggests an important governing role of transient oligomeric Al ion intermediates in the nucleation 100 

and growth of gibbsite in alkaline geochemical and artificial systems. 101 

 102 

2.0 Experimental 103 

2.1 Solubility experiments 104 

All reagents and solubility experiments were prepared and performed in an argon-filled glovebox 105 

to limit the exposure of the sodium hydroxide (NaOH) solution to carbon dioxide. Gibbsite nanoplates were 106 

synthesized and characterized as described in the literature.30,42 A representative pXRD pattern of the 107 

starting material and the expected pXRD pattern are shown in Figure S.1. Solubility experiments were 108 

performed at 2 different total sodium concentrations (nominally 2.4 and 3.3 mol∙kg-1 total sodium), each 109 

experiment was performed in triplicate (3 experiments for each ratio of H:D). The concentration of total 110 
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sodium for each experiment at different timepoints was determined using ICP-OES and the triplicate results 111 

were averaged. The 2.4 ± 0.2 and 3.3 ± 0.1 mol∙kg-1 stock NaOH solutions were made by diluting 112 

concentrated NaOH (50% wt, Sigma Aldrich, St. Louis, MO, USA) with deionized H2O. The 2.4 ± 0.2 and 113 

3.2 ± 0.1 mol∙kg-1 stock NaOD solution were made by diluting NaOD (40% wt in D2O, Sigma Aldrich) 114 

with D2O (99.90%, Sigma Aldrich). The mixed deuterium and protium stock solutions were made by 115 

combing equal masses of the NaOH and NaOD solutions, resulting in solutions of 2.6 ± 0.1 and 3.3 ± 0.1 116 

mol∙kg-1. Gibbsite was added to each experiment and the total amounts of gibbsite and solvent are shown 117 

in Table 1. 118 

Table 1. The average amount ± 3 σ of each reagent used for the experiments performed in this study. The 119 

number of samples is 3 for each solution. 120 

Experiment 
Total Mass gibbsite 

(g) 

NaOH solution 

(g) 

NaOD solution 

(g) 

2.4 mol∙kg-1 NaOH 0.415 ± 0.007 7.97 ± 0.01 0 

2.4 mol∙kg-1 mixture 0.415 ± 0.004 3.96 ± 0.03 3.98 ± 0.03 

2.4 mol∙kg-1 NaOD 0.414 ± 0.005 0 7.99 ± 0.05 

3.3 mol∙kg-1 NaOH       0.950 ± 0.010 8.40 ± 0.04 0 

3.3 mol∙kg-1 mixture 0.948 ± 0.006 4.18 ± 0.03 4.24 ± 0.05 

3.3 mol∙kg-1 NaOD 0.948 ± 0.008 0 8.44 ± 0.08 

 121 

Gibbsite dissolution was performed using the hydroxide and deuteroxide stock solutions described 122 

above. Each experiment was performed in triplicate, with a reagent blank that did not contain gibbsite. The 123 

solutions bearing gibbsite powder were shaken in a glovebox simultaneously so that the temperature was 124 

consistent for each experiment (≈ 300 K). The total aluminum and sodium concentrations for each time 125 

point were determined by centrifuging the samples (500 rpm for 10 min in the same 20 mL LSC vials where 126 

the reaction occurred to allow for solid settling), submitting small aliquots (15 μl, to reduce the total volume 127 

change in the experiment) to ICP-OES, and averaging the results for each condition (n = 3). The masses of 128 

each aliquot were determined prior to ICP-OES analysis for molality calculations. In addition, aliquots from 129 

the solutions at equilibrium were analyzed using 27Al and 23Na NMR.  130 

The effect of deuterium on the solid phase was investigated by washing the residual solids (× 3) 131 

with the appropriate water (either H2O, H2O + D2O mixture, or D2O), drying overnight (310 K), and then 132 
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conducting pXRD analysis. Additional unwashed residual solids were dried (310 K) and analyzed by 133 

pXRD. Because the unwashed solids were found to contain bayerite, an additional experiment was 134 

performed to investigate the effects of leaving gibbsite in a saturated solution with residual molar amounts 135 

of NaOH. Gibbsite was dissolved in various volumes of the stock 2.4 mol∙kg-1 NaOH solution so that the 136 

residual molar ratios (NaOH : gibbsite) were ≈ 2, 4, 5, and 7. The solids were not washed with H2O, but 137 

were dried (310 K for 24 h) and analyzed by pXRD.  138 

2.2 Inductively coupled plasma-optical emission (ICP-OES) 139 

For the 2.4 mol∙kg-1 data set, concentrations of Al and Na were obtained using a PerkinElmer 140 

Optima 8300 dual view ICP-OES spectrometer (PerkinElmer, Waltham, MA) with a PerkinElmer S-10 141 

auto-sampler interface. Calibrations were performed using standards (High-Purity Standards Corporation, 142 

Charleston, SC) ranging from 50 ppb to 50 ppm. The calibration was verified using an initial and continuing 143 

calibration verification, which was performed every 10 samples. 144 

For the 3.3 mol∙kg-1 data set, concentrations Al and Na were obtained using a Thermo iCAP7600 145 

ICP-OES Duo (Thermo Scientific, Waltham, MA) equipped with standard quartz sample introduction. The 146 

instrument was calibrated using dilutions of 1000 ppm single element standards from Inorganic Ventures 147 

(Christiansburg, VA) in 2% HNO3. Multiple wavelengths of aluminum and sodium were selected and 148 

compared to identify interferences. Check solutions were made with a similar ratio of Na:Al as the samples 149 

and analyzed every 10 samples to evaluate instrument precision and calibration accuracy. 150 

2.4 Powder X-ray diffraction (pXRD) 151 

pXRD patterns were collected on a Phillips diffractometer equipped with a graphite post-diffraction 152 

monochromator and a CuKa X-ray source (λ = 1.5406 Å). Samples were loaded into zero-background 153 

holders and data were taken from 10 to 80 degrees 2θ (step size of 0.4 degrees). Phase identification and 154 

quantification was carried out using JADE software in conjunction with the International Centre for 155 

Diffraction Data (ICDD) database.  156 

2.5 Scanning electron microscopy (SEM) 157 
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After the solubility experiments and subsequent washing and drying, gibbsite samples were 158 

deposited on carbon coated aluminum stubs and then carbon coated with approximately 10 nm of carbon. 159 

SEM micrographs were then collected using a Helios Nanolab 600i SEM (FEI, Hillsoboro, OR) 160 

microscope. Micrographs were collected with an acceleration voltage of 5 kV and a current of 86 pA.  161 

2.6 Raman Spectroscopy 162 

Spectra were acquired using a Horiba LabRam HR spectrometer installed on a Nikon Ti-E inverted 163 

microscope using a continuous 632.81 nm laser, a 40x objective and data was acquired between 100 – 3900 164 

cm-1. A select region spanning between 450 – 790 cm-1 contains diagnostic Raman peaks for Al(OH)4
- ions, 165 

and this region was deconvoluted using a single polynomial to remove the background followed by 166 

regression of Lorentzian line shape parameters. 167 

2.3 Nuclear Magnetic Resonance Spectroscopy 168 

Liquid state 23Na and 27Al NMR spectra were acquired on a Varian-Inova 17.6 T NMR spectrometer 169 

utilizing a 5 mm, broad band observe (BBO), probe operating at 298 K, where the temperature was 170 

calibrated using the 1H chemical shifts of ethylene glycol.43  The corresponding 23Na and 27Al Larmor 171 

frequency are 198.424 and 195.460 MHz, respectively. In an N2-filled glovebox, samples were placed in 4 172 

mm outer diameter (o.d.) fluorinated ethylene polypropylene copolymer (FEP) inserts, sealed with a 173 

polytetrafluorethylene (PTFE) plug. The FEP NMR tube was coaxially inserted into a 5.0 mm o.d. NMR 174 

tube containing a reference NaCl solution, (0.76 M NaCl in H2O (18 MΩ·cm), concentration determined 175 

via ICP-OES) or an Al(H2O)6
3+ solution (1.0 M Al(NO3)3 in H2O (18 MΩ·cm)).  176 

Single pulse, direct excitation, 23Na NMR spectra were acquired with 8 transients, an acquisition 177 

time of 600 ms, a delay between transients of 5 s, and a π/2 liquid-state pulse (52 dB, 29 μs duration). Single 178 

pulse, direct excitation, 27Al NMR spectra were acquired with 32 transients, an acquisition time of 600 ms, 179 

and a π/2 liquid-state pulse (56 dB, 19.5 µs duration). Tip angles were determined via a pulse width nutation 180 

experiment for the coaxial reference sample of 0.76 M NaCl or 1.0 M Al(H2O)6
3+ and measured chemical 181 

shifts are referenced to this NaCl or Al(H2O)6
3+ solution, where its resonance was assigned to 0 ppm. 23Na 182 
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and 27Al NMR spectra were processed in Mestrenova (version 14.01-23559, released 2019-06-07, 183 

Mestrelab Research S.L.) where the free induction decay was zero-filled to 1.68 s and 10 Hz line broadening 184 

was applied. The full width at half maximum line shape parameter was determined using a pure Lorentzian 185 

line shape in Mestrenova. 186 

Pulsed field gradient NMR experiments were also conducted on the BBO probe at a field strength 187 

of 17.6 T at 298 K. 1H NMR spectra were acquired using the DOSY gradient compensated stimulated echo 188 

with spin lock and convection compensation (DgcsteSL_cc) pulse sequence. The spatially dependent 189 

gradient pulse duration was 0.6 ms, and the gradient pulse strength was incremented 16 times. Pulses in 190 

DgcsteSL_cc utilized the calibrated 90° tip angle and the gradient pulse strength array was held constant 191 

for each sample within the 1H PFG-NMR study. The delay between spatially dependent gradient pulses was 192 

200 ms. The acquisition time was 2726 ms, 2 transients were detected, and the delay between experiments 193 

was 25 seconds. The reported diffusion value is the average of 2 experiments, where the second experiment 194 

utilized the DgcsteSL_cc pulse sequence with a 27 ms delay between spatially dependent gradient pulses 195 

and a 1.6 ms pulse duration, with otherwise identical settings between experiments. 196 

Pulsed field gradient 23Na NMR spectra were acquired using the bipolar gradient pulse pair 197 

stimulated echo with convection compensation (Dbppste_cc) pulse sequence. The spatially dependent 198 

gradient pulse duration was 8.6 ms, and the gradient pulse strength was incremented 16 times. Pulses in 199 

Dbppste_cc utilized the calibrated 90° tip angle and the gradient pulse strength array was held constant for 200 

each sample within the 23Na PFG-NMR study. The delay between spatially dependent gradient pulses was 201 

32 ms. The acquisition time was 800 ms, 8 transients were collected, and the delay between experiments 202 

was 2 seconds. The reported diffusion value is the average of 3 experiments with identical parameters. 203 

Pulsed field gradient 27Al NMR spectra were acquired using the Dbppste_cc pulse sequence. The 204 

spatially dependent gradient pulse duration was 10.2 ms, and the gradient pulse strength was incremented 205 

16 times. Pulses in Dbppste_cc utilized the calibrated 90° tip angle and the gradient pulse strength array 206 

was held constant for each sample within the 27Al PFG-NMR study. The delay between spatially dependent 207 

gradient pulses was 36 ms. The acquisition time was 600 ms, 64 transients were collected, and the delay 208 
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between experiments was 2 seconds. The reported diffusion value is the average of 3 experiments with 209 

identical parameters. 210 

For the 1H, 23Na and 27Al PFG-NMR experiments, the diffusion coefficients were calculated in 211 

vNMRJ (v 3.2) using single-component spline modeling (splmod), where the gcal parameter was calibrated 212 

with a measurement of 1H diffusion of trace H2O in D2O at 25°C.44 The standard deviation (± 1σ) in these 213 

measurements originates from the residual between the integrated intensity and Stejskal-Tanner 214 

relationship45,46, and this standard deviation is propagated when averaging measurements. 215 

 216 

3.0 Results and Discussion 217 

This section is organized into the following logical flow. ICP-OES was first used to quantify the 218 

disparate solubilities of gibbsite in NaOH/D solutions.  Gibbsite was added in excess of the solubility in 219 

solution, and the residual solid was characterized with XRD and SEM. To better understand the origin of 220 

the isotope-dependent solubilities, solution aluminum speciation was then characterized using Raman and 221 

27Al NMR spectroscopy. Under the explored solution conditions, the aluminate monomer was the only 222 

observed species and gibbsite was the only observable solid-phase. Therefore the rheological properties of 223 

the protonated and deuterated systems were quantified through analysis of diffusion coefficients with PFG-224 

NMR spectroscopy, and a correlation between diffusivity and solubility was identified. 225 

The equation describing gibbsite solubility in hydroxide is shown in Eq. 1. Under the assumption 226 

that there is complete substitution of the H atoms by D atoms in the solvent and that minimal hydrogen 227 

exchange occurs between gibbsite and the solution phase, the equation describing gibbsite solubility in 228 

deuteroxide is 229 

Al(OH)3(s) + OD−(aq)  ⇌  Al(OH)3OD−(aq) (2) 

 230 
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The gibbsite solubility equation in deuterium ICP-OES results were analyzed to determine the reaction 231 

quotient (𝑄), which is the measurable concentration ratio of the products and reactants shown in Eqs. 1 and 232 

2 at any time during the reaction: 233 

𝑄 =  
[Al(OH)4

  −]

[OH−]
 (3) 

 234 

𝑄 =  
[Al(OH)3OD−]

[OD−]
 (4) 

In both cases, the aluminate ion can be measured directly by obtaining the total aluminum concentration in 235 

solution. The hydroxide/deuteroxide ion in the denominator in Eqs. 3 and 4 is the free 236 

hydroxide/deuteroxide concentration that is not bound to aluminum. The concentration for the free 237 

hydroxide/deuteroxide was calculated by subtracting the aluminum concentration from the total sodium 238 

concentration (satisfying the balance of charge). Therefore, the reaction quotient in terms of measurable 239 

species in solution is given by 240 

𝑄 =  
[Al]

[Na]T − [Al]
 (5) 

where the subscript T denotes the total measured sodium concentration (ICP-OES). Note that neither 241 

protium nor deuterium are present in Eq. 5. Therefore, under the assumptions described above, the reaction 242 

quotient can be defined using Eq. 5 for any combination of protium and deuterium (e.g. a 1:1 mixture as 243 

used in this experiment).   244 

At equilibrium the measured reaction quotient is the apparent solubility constant (𝐾′). 245 

𝑄𝐸𝑞  =  𝐾′ (6) 

3.1 ICP-OES measurements indicated enhanced gibbsite solubilities in deuterated systems 246 
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The reaction quotient over time for the 2.4 mol∙kg-1 (A) and the 3.3 mol∙kg-1 (B) experiment at 247 

ratios of 1:0, 1:1, and 0:1 protium to deuterium is shown in Figure 1. Aluminate concentration (i.e. gibbsite 248 

dissolution) is proportional to the reaction quotient.  For every case, the initial rates of gibbsite dissolution 249 

were indistinguishable from one another. The concentration of aluminum was noticeably different for each 250 

mixture at about 3 h for the 2.4 mol∙kg-1 experiment and 4 h for the 3.3 mol∙kg-1 experiment, with the 251 

concentration increasing as a function of the total amount of deuterium in solution. Equilibrium conditions, 252 

defined as a constant aluminum concentration in solution, were established after ~11 h.  253 

 254 

Figure 1. The reaction quotient for gibbsite dissolution in 2.4 mol∙kg-1 NaOH/OD (A) and 3.3 mol∙kg-1 255 

NaOH/OD (B) was monitored over time using ICP-OES. Each point represents the average (± 3 σ) of three 256 

separate experiments. Equilibrium was assumed to be reached when no more changes were observed in the 257 

reaction quotients.  258 

At equilibrium the measured reaction quotient is the apparent solubility constant for gibbsite (𝐾′). 259 

The 𝐾′ values (the average of 6 time points) for each experiment are shown in Figure 2. Note that Figure 260 

2 shows the rate constants as a function of the solution composition in terms of deuterium (xD ), where xD  261 

= moles of deuterium / (moles of deuterium / moles of protium). The value of xD comp conveniently quantifies 262 

the relative amount of deuterium in solution and is used in the remainder of this manuscript. A significant 263 

increase in the 𝐾′ with increasing amounts of deuterium relative to protium was found in both the 2.4 and 264 

3.3 mol∙kg-1 experiment. The 𝐾′of aluminum at equilibrium was found to be 0.098 ± 0.003 in 2.4 mol∙kg-1 265 

NaOH, which agreed well with the solubility measurements of gibbsite at similar compositions obtained by 266 

Wesolowski, et al.47 The 𝐾′ increased to 0.113 ± 0.008 and 0.137 ± 0.005 in the 1:1 and 0:1 H:D ratios, 267 
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respectively. This corresponded to nearly a 40% increase in the apparent solubility, when substituting 268 

protium with deuterium.  269 

 270 

Figure 2. The apparent equilibrium constants for 271 

gibbsite solubility in 2.4 mol∙kg-1 (purple squares) and 272 

3.3 mol∙kg-1 (red circles) NaOH/D are shown for 273 

different amounts of deuterium. Each point on the plot 274 

represents the average (± 3 σ) of 6 time points when 275 

equilibrium was reached.  276 

Similar results were observed for the 3.3 mol∙kg-1 experiments also shown in Figure 2. The 𝐾′ was 277 

0.126 ± 0.001 in the 3.3 mol∙kg-1 NaOH case and then increased to 0.143 ± 0.001 and 0.189 ± 0.001 for the 278 

1:1 and 0:1 H:D ratios, respectively. This corresponded to a 50% increase in solubility when protium is 279 

substituted by deuterium. These data show that the increase in solubility in deuterated conditions becomes 280 

more pronounced as the concentration of total sodium becomes larger. One explanation could be due to the 281 

increased divergence from ideal conditions caused by an increase in sodium and deuteroxide ions in 282 

solution, which would make specific ion effects (or isotopic effects) more pronounced. However the 283 

gibbsite solubility over a larger total concentration range would need to be investigated, as isotopic effects 284 

are often nonlinear.36 As can be seen in Figure 2, the increase in 𝐾′ is proportional to an increase in 285 

deuteration in both the 2.4 (purples squares) and 3.3 (red circles) mol∙kg-1 cases.  286 
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3.2 XRD and scanning electron microscopy confirm that gibbsite is the solid in equilibrium with 287 

solution in all systems  288 

Loh et al. hypothesized that the more soluble gibbsite polymorph bayerite was preferentially 289 

formed in deuteroxide and that this explained the difference in their solubility results.39 Loh et al. also noted 290 

differences in gibbsite solubility and precipitation products from supersaturated solutions seeded with 291 

gibbsite at elevated temperatures.39 The physical explanation for the increase in solubility is difficult to 292 

determine by solubility studies alone, as no information is obtained on speciation, solvation, or translational 293 

dynamics.   294 

In these experiments, pXRD analysis (Figure 3 and Figures S.1 – S.3) showed no evidence for the 295 

formation of bayerite, or any other Al-bearing phase, such as sodium aluminate hydrates. Figure S.2 296 

contains an example pXRD diffraction pattern for gibbsite, and for a mixture of gibbsite and bayerite, 297 

highlighting the sensitivity of the diffractogram to the presence of bayerite which is detected by the (001) 298 

peak among others. A key observation which possibly explains the formation of bayerite in the study by 299 

Loh et al. was that, prior to pXRD analysis, bayerite was formed when drying solids in an oven with trace 300 

amounts of residual sodium hydroxide/deuteroxide solution present (Figure S.3, 4 and 5). This may be due 301 

to the dramatic increase in local concentrations of Na+ and OH/OD- ions during the drying process, which 302 

would change the favored precipitation product. In this case, the kinetically favored precipitation product 303 

may be bayerite, even though it is less stable.25 The pXRD results for gibbsite are complex, with small but 304 

definite shifts in the gibbsite peak positions in the diffractograms when deuterium is present compared to 305 

the pure protium experiment, and in the presence of residual Na+ during drying (Figure 3). However, it is 306 

clear that gibbsite is the dominant phase when the solids are washed thoroughly with water prior to drying 307 

and pXRD analysis, and so it is likely that the present of bayerite in the study by Loh et al. was due to 308 

transformation of the precipitated solids from gibbsite to bayerite due to incomplete removal of caustic 309 

solution.  310 
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 311 

Figure 3. Powder X-ray diffraction results showing the 312 

effect of not washing the solids prior to XRD analysis for 313 

the 1:0 (A), 1:1 (B), and 0:1 (C) H:D ratio 3.3 mol∙kg-1 314 

NaOH/D experiments. The solid line indicates the position 315 

of the center of the gibbsite diffraction peak for the pure 316 

protium experiment. No bayerite was found in these 317 

samples 318 

Additionally, SEM images of gibbsite after reaction with 3.3 mol∙kg-1 NaOH/D showed that particle 319 

morphology remained as nanoplates, with lengths < 600 nm, and an approximate length to thickness ratio 320 
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of 10:1 (Figures 4 and 5). The lack of significant changes in size and shape of the gibbsite particles relative 321 

to the as-synthesized gibbsite indicates that alternative phenomena are needed to explain the differences in 322 

gibbsite solubility for the 1:0, 1:1, and 0:1 H:D solubility experiments.   323 

 324 

Figure 4. Scanning electron micrographs of (A) the precursor gibbsite and (B) the precursor 325 

gibbsite at a higher magnification. Additional micrographs of (C) gibbsite reacted in 3.3 mol∙kg-1 326 

NaOH and (D) gibbsite reacted in 3.3 mol∙kg-1 NaOH at a higher magnification. The yellow dashed 327 

square indicates the approximate area selected for the higher magnification micrograph. 328 

 329 

Figure 5 Scanning electron micrographs of (A) gibbsite reacted in 3.3 mol∙kg-1 NaOH/D and (B) 330 

gibbsite reacted in 3.3 mol∙kg-1 NaOH/D at a higher magnification. Additional micrographs of (C) 331 

gibbsite reacted in 3.3 mol∙kg-1 NaOD and (D) gibbsite reacted in 3.4 m at NaOD at a higher 332 

magnification. The yellow dashed square indicates the approximate area selected for the higher 333 

magnification micrograph. 334 



17/34 

 

3.3 Liquid state NMR and Raman spectroscopy indicate solution speciation is independent of 335 

isotopic substitution 336 

In order to gain insight into the causes of the increase in gibbsite solubility in deuterated solutions, 337 

and complement the ICP-OES study, 27Al and 23Na NMR spectroscopy was performed on the equilibrated 338 

solutions described above (the last 6 time points from each of the experiments in Figure 1). One 27Al 339 

resonance was found in the NMR spectra for each condition, indicating that the exchange between protiated 340 

and deuterated hydroxides ligating the aluminate ion are fast relative to the NMR timescale, and therefore 341 

a single resonance is observed which is the average of Al ligated by protiated or deuterated hydroxides in 342 

mixed systems. The 27Al resonance was referenced to a physically separated coaxial insert containing 343 

Al(H2O)6
3+, which appears at 0 ppm (Figures S.4 and S.5). Analysis of the chemical shift and normalized 344 

intensity for the 27Al NMR resonance corresponding to tetrahedrally coordinated aluminate (≈ 80 345 

ppm)28,48,49 is shown in Figure 6. For each panel in Figure 6, the purple squares (2.4 mol∙kg-1) and red 346 

circles (3.3 mol∙kg-1) represent the average (± 3 σ) of the 3 separate solubility experiments. 23Na NMR 347 

spectroscopy was performed on the 3.3 mol∙kg-1 experiment and the peak analysis is shown in Figure S.6. 348 

In addition, NMR spectroscopy was used to verify the increased gibbsite solubility found in 349 

deuterated solutions using ICP-OES. An increase in the total integrated intensity of the 27Al resonance was 350 

observed in the both the 2.4 and 3.3 mol∙kg-1 NaOH/D experiments (Figure 6(C)). The 𝐾′ (Figure 6(D)) 351 

was determined from the NMR data (Eqs. 5 and 6) for the 3.3 mol∙kg-1 NaOH/D experiment, using the total 352 

integrated intensity of the 27Al and 23Na peak to represent the total aluminate concentration and total sodium 353 

concentration, respectively (Figure 6(C) and Figure S.6(C)). While the 𝐾′ was slightly larger (albeit within 354 

2σ of each other) for the NMR results compared to the ICP-OES results, a clear increasing trend with total 355 

deuterium was established. The reason for the slight discrepancy between the NMR and ICP-OES results 356 

may be due to the relative uncertainty in the 23Na and 27Al integrated intensity measurements leading to a 357 

greater standard deviation for K’ for measurements performed in triplicate compared to ICP-OES.  358 

 359 
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360 
Figure 6. The tetrahedral 27Al NMR resonance of the aluminate ion at equilibrium is compared at different 361 

ratios of deuterium for the 2.4 mol∙kg-1 NaOH/D experiment (purple squares) and 3.3 mol∙kg-1 NaOH/D 362 

experiment (red circles). The 27Al chemical shift (A), FWHM (B), integrated intensity (C), and the NMR 363 

determined equilibrium constant (D) are shown. Each point represents the average (± 3 σ) results of 3 364 

separate experiments in panels A – C. The equilibrium values and uncertainty (± 1 σ) shown in panel D 365 

were calculated using the average normalized 27Al integrated intensity and average normalized 23Na 366 

integrated intensity as described in the text. 367 

The aluminate 27Al chemical shift was found to be 79.90 ± 0.01 ppm in the 2.4 mol∙kg-1 and 79.82 368 

± 0.01 ppm in the 3.3 mol∙kg-1 experiment (1:0 H:D ratio), which agreed well with previously reported 369 

data.48 While the chemical shift increased to higher frequencies for deuterated samples both the 2.4 and 3.3 370 

mol∙kg-1 experiments (Figure 6(A)), the change was small (< 0.1 ppm). An increase in the observed 371 

chemical shift corresponds to a deshielding of the aluminum atom in the aluminate ion. This may indicate 372 

that the electron density is more delocalized around the aluminate ion in the 0:1 H:D experiment, which 373 

may reflect changes in the aluminate ligand chemistry that results in increased stability in the solubility 374 

experiments of the deuterated systems.  375 
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The full-width at half max (FWHM) of the 27Al NMR aluminate peak was larger in 3.3 mol∙kg-1 376 

experiments compared to the 2.4 mol∙kg-1 experiments and increased with the amount of deuteration 377 

(Figure 6(B)). The FWHM was 18.9 ± 0.8, 23.4 ± 0.4, 30.7 ± 0.8 Hz (average ± 3 σ, in order of increasing 378 

H:D ratio) and 31.6 ± 2.5, 40.5 ± 0.7, 57.6 ± 0.4 Hz (average ± 3 σ, in order of increasing H:D ratio) for the 379 

2.4 and 3.3 mol∙kg-1 experiments, respectively. There are many factors that contribute to the breath of the 380 

NMR resonance, including chemical exchange between multiple species, viscosity, and magnetic field 381 

inhomongeneity.50 The broadening is not likely due to the existence of multiple aluminum species because 382 

only Al(OH)4
- is detected under these conditions with Raman spectroscopy (Figure 7).25,47,48,51  383 

Since the chemical shift change is small with increasing deuteroxide (Figure 6(A)), it could be 384 

argued that broadening of the peak in the deuterated solutions is caused by varying degrees of deuterium 385 

substitution on the aluminate ion. However, this is also unlikely because an increase in the FWHM is 386 

observed going from the 1:1 to the 0:1 H:D ratio experiments, where it is expected that the variance in the 387 

degree of deuterium substitution would be highest in the 1:1 H:D ratio experiment. This is because the 388 

binding constants for different possible combinations of deuterium substitution are dependent on the ligand 389 

(hydroxide or deuteroxide ion) concentration and there would be the largest amount of ligand competition 390 

when the concentrations are equal. Therefore, it is likely that the aluminate peak broadening in the 391 

deuterated solutions is caused by differences in diffusive motion through an increase in viscosity. The 23Na 392 

NMR resonances’ FWHM (Figure S.6(B)) followed the trend of the 27Al NMR resonances’ FWHM, 393 

increasing with an increase in the total amount of deuterium. This is consistent with the FWHM being 394 

dependent on the viscosity of solutions since the spectroscopic properties of the aluminate anions and 395 

sodium cations are similar in deuterated solvents.   396 

The 27Al chemical shift may be attributed, in part, to the difference in the hydrogen bonding 397 

energies associated with deuterated and non-deuterated aqueous solutions which originates from 398 

differences in the zero-point vibrational energies of deuterated and non-deuterated molecules.32 The net 399 

effect of isotopic substitution on the vibrational modes of the solution species can be measured using Raman 400 

Spectroscopy (Figure 7), however connecting that information to the energy of a molecule, an ion, and the 401 
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hydrogen bonding network is complex.33,52 The Raman results confirm the presence of a single aluminum 402 

species, aluminate (Figure 7(A)). In addition the expected appearance of vibrational modes caused by the 403 

substitution of H with the heavier D atoms for both the hydroxide and water regions were present (Figure 404 

7(B)).33,53 The presence of aluminate monomers as the predominant species at these concentrations agrees 405 

with the Raman results of Graham et al. (2018), who evaluated solutions prepared at 3 M NaOH with 406 

various amounts of dissolved Al produced via dissolution of gibbsite and found that the Raman region of 407 

the Al-O bands contained only a single band attributed to aluminate monomers in solution.31  408 

 409 

 410 

Figure 7. Raman spectra showing (A) Al-O region and (B) the full spectral window. The spectra are 411 

normalized to the maximum intensity of the OX stretching region. Spectra are vertically offset from one 412 

another. The solutions for both spectra are labeled: (i). 3.3 mol∙kg-1 NaOD experiment after addition of 413 

gibbsite (ii.) 3.3 mol∙kg-1 NaOD experiment before addition of gibbsite (iii). D2O solution (iv). 3.3 mol∙kg-414 
1 NaOH/D experiment after addition of gibbsite (v.) 3.3 mol∙kg-1 NaOH/D experiment before addition of 415 



21/34 

 

gibbsite (vi). (H/D)2O solution (vii). 3.3 mol∙kg-1 NaOH experiment after addition of gibbsite (viii.) 3.3 416 

mol∙kg-1 NaOH experiment before addition of gibbsite (ix.) H2O solution  417 

Raman spectra were acquired on H:D solutions to inspect isotope effects on the OX stretching 418 

region, X2O bending region, and the Al(OH)4
- vibrational motion. Table 2. shows the parameter results 419 

after deconvolution. The Raman spectra are shown in Figure 7. For each ratio of H:D, spectra were acquired 420 

of the Al-containing solution, the Al-free background electrolyte NaOH/D solution, and an electrolyte-free 421 

aqueous solution. Inspection of the Al-O region in Figure 7(A) indicates Al(OX)4
- is the primary form of 422 

Al in solution because bands primarily associated with Al2O(OH)6
2- at 535 and 700 cm-1 are absent.28,54 423 

There is demonstrably a greater FWHM of the Raman band of Al(OX)4
- in deuterated system and deuterium 424 

substitution results in the band appearing at lower wavenumber. Both the greater FWHM  (31.9 versus 24.7 425 

cm-1) and the shift to lower wavenumbers by ca. 20 cm-1 are consistent with prior literature that compared 426 

the infra-red and Raman spectroscopies of protoniated and deuterated sodium aluminate solutions.54 427 

Table 2. Deconvolution parameters for the Al-O Raman band. 428 

 Peak Position [cm-1]  FWHM [cm-1] 

D 598.2 31.9 

H/D 615.1 31.3 

H 622.7 24.7 

 429 

In addition to providing information on aluminate ion speciation, the OH stretching and OD 430 

stretching regions are resolved from one another as shown in Figure 7(B). Dissolution of NaOH/D 431 

manifests in a sharp band forming at high wavenumber in either the OD or OH stretching region at 2500 432 

and 3200 cm-1 respectively, in addition to a broad band at lower wavenumbers of 2300 and 3000 cm-1. The 433 

OD and OH stretching region for mixtures of H:D is demonstrably unique from the isotopically pure 434 

solutions. In the absence of dissolved salt, the broad peaks at lower wavenumbers of 2300 and 3000 cm-1 435 

are absent from the spectra. This feature is typically assigned to a large network of water and its absence in 436 

mixtures is interpreted as being indicative of a disruption in the extended hydrogen bond network due to 437 

deuterium substitution. The H2O bending region (1200 – 1600 cm-1) is also sensitive to deuterium 438 
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substitution, and in mixtures of H and D a third band appears in this region in addition to the bands at 1200 439 

cm-1 and 1600 cm-1 in isotopically pure solutions. 440 

3.4 Liquid state pulsed field gradient NMR diffusometry reveals elevated viscosities in deuterated 441 

systems  442 

To further investigate the underlying causes of increased gibbsite solubility in NaOD compared to 443 

NaOH, 1H, 23Na, and 27Al PFG-NMR spectroscopy was used to probe the solution rheology and transport 444 

properties of the system. PFG-NMR employs spatially-dependent magnetic field gradients to determine the 445 

diffusion coefficients ( 𝐷𝑑𝑖𝑓𝑓) of resonances through the Stejskal-Tanner relationship.45,46  1H, 23Na, and 446 

27Al diffusion coefficients were determined in a 1:0, 1:1, and 0:1 H:D ratio 2.4 m NaOX in X2O solution 447 

(where X is H, D, or a mixture of the two). For each nucleus, a decrease in the diffusion coefficient was 448 

found as the amount of deuterium increased (Figure 8). The 1H  𝐷𝑑𝑖𝑓𝑓 (red circles in Figure 8) decreased 449 

from (15.7 ± 0.2)×10-10 m2s-1 in the pure protium experiment to (14.0 ± 0.1) and (12.0 ± 0.3)×10-10 m2s-1 in 450 

the 1:1 and 0:1 H:D experiments, respectively. The 23Na  𝐷𝑑𝑖𝑓𝑓  (purple triangles in Figure 8) were found 451 

to be (11.9 ± 0.1), (9.9 ± 0.1), and (8.9 ± 0.1)×10-10 m2s-1 and the 27Al  𝐷𝑑𝑖𝑓𝑓   (green squares in Figure 8) 452 

were (7.3 ± 0.1), (6.5 ± 0.2), and (5.5 ± 0.2)×10-10 m2s-1 in the 1:0, 1:1, and 0:1 H:D ratio, respectively. 453 

Additional 1H PFG-NMR spectroscopy was performed on solutions of 4 and 6 mol∙kg-1 total sodium at 454 

various deuterium ratios. The resulting diffusion coefficients are shown in Figure S.7. For every 455 

concentration used, the 𝐷𝑑𝑖𝑓𝑓   decreased at a similar rate from the diffusion coefficient of the pure protium 456 

case (𝐷𝑑𝑖𝑓𝑓,𝐻) as the concentration of deuterium increased. Therefore, in order to get an estimate of how 457 

the diffusion coefficients change as a function of total Na concentration, the ratio of the diffusion coefficient 458 

measured for 1H (𝐷𝑑𝑖𝑓𝑓
1𝐻 ) and the 1H diffusion coefficient measured in the pure protium case (𝐷𝑑𝑖𝑓𝑓,𝐻

1𝐻 ) was 459 

calculated for the 2 and 4 mol∙kg-1 PFG-NMR experiments. The results of this ratio are shown in Table 3.  460 



23/34 

 

 461 

Figure 8. The diffusion coefficients for 1H (red circles), 23Na 462 

(purple triangles), 27Al (green squares) in 2 mol∙kg-1 total 463 

sodium solutions are shown as a function of the total ratio of 464 

deuterium. A deuterium ratio of 1.0 corresponds to the 0:1 465 

H:D. The error bars are smaller than the marker for most of 466 

the points.  467 

Oligomeric intermediates have previously been shown to be important in the precipitation reaction 468 

of aluminum hydroxides.55–57 It should be noted that the gibbsite solubility equilibrium shown in Eq. 1 469 

includes the precipitation reaction, which is the reverse of the dissolution reaction. The equilibrium constant 470 

can be written as the ratio of the dissolution (𝑘𝑑𝑖𝑠𝑠) and precipitation (𝑘𝑝𝑝𝑡) reaction rate constants. At 471 

equilibrium, the relationship shown in Eq. 7 holds. 472 

 473 

𝑘𝑑𝑖𝑠𝑠[𝑂𝐻−] = 𝑘𝑝𝑝𝑡[𝐴𝑙(𝑂𝐻)4
−] (7) 

 474 

Since there was little difference in the dissolution reaction rates (Figure 1) when deuterated 475 

solutions were used, it seems likely that the ratio of the dissolution reaction rate can be considered close to 476 

1 between the 1:0, 1:1, and 0:1 ratios of H:D. A similar relationship has been shown for lithium (Li) isotope 477 

fractionation during uptake by gibbsite, where Li isotopes are not significantly fractionated during mineral 478 

dissolution, but are highly sensitive to formation of precipitates that preferentially uptake the lighter isotope, 479 

leaving the heavier isotope enriched in solution.58 Therefore, the increased solubility in deuterated solutions 480 

is the result of a slower precipitation rate from deuterated sodium hydroxide solutions. This is true even 481 
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with an increase in the reactant concentration for the precipitation reaction (the concentration of aluminate). 482 

Therefore, there must be some factor in the precipitation rate constants that impedes precipitation. 483 

Assuming that oligomeric intermediates involving ligand dissociation and/or condensation of Al(OH)4
- are 484 

important for precipitation and nucleation to occur, a simple model to describe the reaction involves two 485 

Al(OH)4
- monomers diffusing together to form a aggregated intermediate. The intermediate can either 486 

precipitate into a solid phase or break apart into two Al(OH)4
-  monomers. In a diffusion dominated reaction 487 

it can be shown59 that, under the steady-state approximation (the transition state aggregated cluster rate of 488 

change is 0), the precipitation reaction rate (see derivation in the SI) can be given by: 489 

𝑅𝑎𝑡𝑒 ∝ 𝑘𝑑𝑖𝑓𝑓[𝐴𝑙]𝐸𝑞
2
 (8) 

where 𝑘𝑑𝑖𝑓𝑓 is the diffusion-controlled rate constant and [𝐴𝑙]𝐸𝑞 is the concentration of aluminum at 490 

equilibrium. The 𝑘𝑑𝑖𝑓𝑓 (S.7) is proportional to the diffusion coefficients of the reactants. In this case, since 491 

we have 1H diffusion coefficients (𝐷𝑑𝑖𝑓𝑓
1𝐻 )  in multiple total Na concentrations, and since the 23Na and 27Al 492 

diffusional coefficients change similarly to the 1H coefficients with the amount of deuterium added, the 493 

𝐷𝑑𝑖𝑓𝑓
1𝐻  values are used as an estimate of the total diffusional coefficients for the reactants in 2.4 and 3.3 494 

mol∙kg-1
 experiments. To compare the relative rates of the reaction between the different amounts of 495 

deuterium, the ratio of the 1H diffusion coefficient measured (𝐷𝑑𝑖𝑓𝑓
1𝐻 ) and the 𝐷𝑑𝑖𝑓𝑓,𝐻

1𝐻  was used as an 496 

estimate of the relative difference in total diffusivity for the different solubility reactions (Table 3). This 497 

allows for the inverse ratio (since the reverse of the dissolution reaction is of interest) of the measured 498 

apparent solubility constant in any experimental condition 𝐾′ and the measured apparent solubility constant 499 

in the 1:0 H:D experiment (𝐾𝐻
′ ) to be compared directly to the relative change in diffusion coefficients 500 

(Table 3).  501 
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Table 3. The relative change in 1H diffusion 502 

coefficients are compared to the difference in 503 

apparent solubility constants.  504 

Experiment 

𝐷𝑑𝑖𝑓𝑓
1𝐻

𝐷𝑑𝑖𝑓𝑓,𝐻
1𝐻  (

𝐾′

𝐾𝐻
′ )

−1

 

2.4 mol∙kg-1 1:0 H:D 1.00 1.00 

2.4 mol∙kg-1 1:1 H:D 0.89 0.87 

2.4 mol∙kg-1 0:1 H:D 0.76 0.71 

3.3 mol∙kg-1 1:0 H:D 1.00 1.00 

3.3 mol∙kg-1 1:1 H:D 0.84 0.88 

3.3 mol∙kg-1 0:1 H:D 0.72 0.67 

 505 

The values in Table 3 show that the change in relative diffusion of 1H is similar to the relative 506 

difference in gibbsite solubility observed in the 1:0, 1:1, and 0:1 H:D experiments. This implies that the 507 

simple diffusion limited model, requiring Al(OH)4
- clusters to come together before precipitation can occur, 508 

may explain the solubility results. Given that a decrease in electron density around the ions (deshielding) 509 

in the 23Na and 27Al NMR data was observed when the ratio of deuterium was increased for both the 2.4 510 

and 3.3 mol∙kg-1 experiments, it is possible that the cause of the decrease in rate of diffusion is due to a 511 

strengthening of the hydrogen bonding network in the deuterated experimental conditions It should be noted 512 

that in a classical reaction mechanism, the forward and reverse reactions should be affected in the same 513 

way: the strengthening of the hydrogen bond network should impede the precipitation and dissolution 514 

reaction rates. However, it has been demonstrated that surface effects (such as the amount of the different 515 

types of Al coordination species and the surficial interaction of Na) play a significant role in the reactions 516 

of gibbsite synthesized at circumneutral conditions.30 Here, we propose that the rate of the precipitation is 517 

controlled by the diffusion of oligomers and the ability to form intermediate species, whereas dissolution 518 

is a  interfacial reaction controlled by the amount of coordinated Al species and Na at the gibbsite surface. 519 

The dissolution reaction would therefore not be as affected by the strength of the hydrogen bond network. 520 

The observation that we did not see a significant difference in the rate of dissolution between the different 521 

experiments supports this assumption. 522 

As the deuterated/protonated aluminate ion in Eq. 2 reprecipitates and redissolves with protiated 523 

gibbsite in the deuterated solution, it is likely that the remaining hydrogen atoms in the protiated gibbsite 524 
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are substituted by deuterium, therefore introducing H atoms in the solution. However, gibbsite solubility is 525 

small compared to the total concentration of deuterium in solution,47 even in 3.3 mol∙kg-1 NaOH/D  (353 ± 526 

13 mmol∙kg-1)  and the protium/deuterium exchange will not greatly dilute the total amount of deuterium 527 

in solution. Therefore, for simple comparison purposes, this study assumes that solution composition is 528 

constant in terms of deuterium to protium ratio (either 1:0, 1:1, or 0:1 H:D). In future work, surface-sensitive 529 

spectroscopies will be used to understand how deuterium substitution influences exchange reactions at the 530 

solution-aluminum hydroxide interface, and how these exchange reactions affect the thermodynamic 531 

properties of the system. 532 

 533 

Conclusion 534 

The solubility of gibbsite, a major polymorph of aluminum hydroxide (Al(OH)3), in NaOH and 535 

NaOD at two different total sodium concentrations (2.4 and 3.3 mol∙kg-1) was measured using ICP-OES 536 

and 27Al NMR. Gibbsite solubility was higher in 3.3 mol∙kg-1, as expected based on the literature.60 537 

Importantly, the solubility increased as the total ratio of deuterium was increased in the solution. 538 

Comparison of diffusion coefficients measured using 1H, 23Na, and 27Al pulsed-field gradient NMR 539 

spectroscopy showed that diffusion decreased with increasing total deuterium in solution, consistent with 540 

the notion of increasing strength in the hydrogen/deuterium bonding network. Because the formation of 541 

oligomeric intermediates should depend not only on the intermolecular collisions facilitated by both 542 

convective mixing and diffusion, but also the structural rearrangement of the hydroxide (deuteroxide) 543 

ligands, deuterium substitution alters the solubility of the system while nominally conserving the observable 544 

speciation of both the solution phase aluminate and solid phase gibbsite. 545 

Our study also demonstrates that the strength of the hydrogen bonding network determines the 546 

diffusivity and interaction of ions and solvent molecules in solution, which is important for dissolution and 547 

precipitation pathways where oligomeric intermediates are thought to be important. We show that the 1H 548 

diffusion coefficients correlate well with the measured solubility constants. This suggests that gibbsite 549 
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solubility models should consider diffusion or viscosity measurements as a potential means for predicting 550 

the net effect of complex solution compositions composed of multiple electrolytes. In other words, complex 551 

specific ion effects that influence the hydrogen bonding network may be tabulated and ranked by evaluating 552 

changes in diffusion coefficients. This could be useful for any system where the formation of oligomeric 553 

intermediates is expected to be important in the precipitation and dissolution reaction mechanism. 554 

 555 
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