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An amorphous sodium aluminate hydrate phase
mediates aluminum coordination changes in
highly alkaline sodium hydroxide solutions¥

*2 Jian Zhi Hu,® Nicholas R. Jaegers,
@< and Kevin M. Rosso (2 *2

Trent R. Graham,
Carolyn |. Pearce

@ Xin Zhang, (2@

Aluminum (Al) transformations between solid and liquid states in the Na,O : AlLOs : H,O system often involve
changes in coordination and polymerization, with the intermediate molecular states challenging to resolve.
To detect Al transformations in situ, a solid-state mixture of sodium hydroxide monohydrate (NaOH-H,O)
and boehmite (AlOOH) was heated above the melting point of NaOH-H,O to dissolve AIOOH and prepare
nonasodium bis(hexahydroxyaluminate) trihydroxide hexahydrate (NSA). In situ 2’Al magic angle spinning,
nuclear magnetic resonance (MAS NMR) spectroscopy was used to monitor Al speciation and coordination
during AIOOH dissolution into a homogenous melt, and the crystallization of NSA during cooling to room
temperature, supported with ex situ X-ray diffraction, Raman spectroscopy, and 2’Al multiple-quantum,
3QMAS NMR spectroscopy. Novel metastable aluminate species were identified during the transformation.
Dissolution of AIOOH in molten NaOH-H,O entails a transition from octahedral Al in AIOOH to tetrahedral Al
in the aluminate anion [AI(OH)4~ and mu-oxo aluminate dimer [ALO(OH)g]?>~ present in solution. These
tetrahedral solution-state species then precipitate to form an intermediate, amorphous, tetrahedrally co-
ordinated, sodium aluminate hydrate phase which is stable at 70 °C, and subsequentially crystallizes during
cooling to form monomeric octahedral Al in the NSA structure. These transformations and associated inter-
mediates provide insight into the molecular scale mechanisms of Al coordination changes, which in this case
appear to be mediated by an amorphous precursor containing oligomerized, tetrahedral Al.

to resolve experimentally due to rapid coordination changes
and the potential presence of metastable intermediates.

Despite the importance of aluminum (oxy)hydroxide reactivity
in highly alkaline systems for industrial processes, including
high-level radioactive waste processing and aluminum (Al)
refining, molecular-scale details of the Al transformation path-
ways during dissolution and crystallization remain challenging
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During crystallization of Al (oxy)hydroxides from aqueous
solutions, the speciation of Al is often substantially different in
the solution versus in the solid phase." Under acidic conditions
(pH < 4), AP*" ions form octahedrally coordinated hexa-aquo
complexes [Al(OH,)¢]*" and aquohydroxo complexes, e.g., [Al
(OH),(OH,)s]*". These aquohydroxo complexes condense by
olation (loss of water and formation of hydroxo bridges) to form
dimers, trimers, tetramers, etc. At near-neutral and higher pH,
four hydrolyzed trimers [Al;(OH),(OH,)s]*" assemble around a
central [Al(OH,)s]*" ion, and subsequent olation leads to the for-
mation of a Keggin-like multimeric polycation [(Al;30,)
(OH),4(OH,)1,]”", consisting of a central tetrahedrally co-
ordinated Al surrounded by twelve edge-sharing octahedrally co-
ordinated AlOg units. In concentrated alkaline solutions Al
coordination is tetrahedral, and the dominant species is the alu-
minate [Al(OH),]” hydroxy anion. There is no water in the inner
coordination sphere of this hydroxo complex and water must be
formed as a leaving group prior to formation of an oxo bridge,
leading to additional oxolated, polynuclear, solution-state
species (e.g., ALLO(OH)s>").> Because the partial charge on the Al
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is low, this condensation reaction is limited in concentrated
alkaline solutions and the tetrahedral monomer remains the
dominant species, even at high concentrations.’

On the other hand, solid Al(OH); phases tend to be based
on extended networks of octahedrally coordinated AI**. These
phases are typically layered structures based on hexagonal
rings of edge-sharing octahedra, e.g., gibbsite, which can pre-
cipitate at temperatures under 80 °C such as by addition of
sodium hydroxide (NaOH) to acidic aluminum nitrate (Al
(NO3);) solutions or by acidification of basic sodium aluminate
NaAl(OH), solutions.*® The neutralization of acidic aluminate
nitrate solutions initially produces an amorphous gel in which
octahedral [Al(OH,)s]** complexes can oligomerize to form
hexameric rings isostructural with gibbsite sheets.'®
Transformation into gibbsite then proceeds via a multi-step
process involving metastable intermediates and several com-
peting oligomeric Al-hydroxide species, not all of which have
been identified. Examination of solids extracted during gibb-
site crystallization revealed the presence of low-coordinated
(tetrahedral and pentahedral) transitional Al species at the
interface, whose concentration gradually diminished over time
as they interacted with oxygen in water to become octahedrally
coordinated and were incorporated into gibbsite.'’ However,
these pentahedral Al species have not been observed in the
absence of an interface, e.g., during acidification of NaAl(OH),
solutions, when a coordination change is required for the
tetrahedral [Al(OH),]” anion, although it is hypothesized that
water is also involved in facilitating addition reactions that
lead to octahedral oligomers."?

Higher temperatures (>80 °C) favor the formation of oxy-
hydroxides, e.g., boehmite AIOOH, with dissolution of the
gibbsite releasing sufficient concentrations of [Al(OH),]” ions
into NaOH solution to reach a saturation state that overcomes
the nucleation barrier to precipitate AIOOH."® This dissolution
pathway also proceeds via an Al octahedral to tetrahedral
coordination change, and vice-a-versa for reprecipitation.
Similar dissolution and reprecipitation pathways have been
shown in lithium hydroxide (LiOH) solutions. In caustic LIOH
solutions at room temperature, where the solubility of Al is low
(ca. 10 mM), gibbsite dissolves and produces solution-state,
metastable, tetrahedral aluminates that subsequently precipi-
tate octahedral lithium dialuminate hydroxide. This dis-
solution-reprecipitation pathway occurs despite the structural
similarities between the quasi-2D octahedral Al frameworks of
these two materials, which should allow for solid-state interca-
lation of Li* without the need for a coordination change.'*

The alkali metals at later periods than sodium in Group 1
show different behavior, with tetrahedral p-oxo aluminate dimer
M,AL,O(OH); salts (M = K or Rb") directly crystallizing from
concentrated potassium and rubidium hydroxide, or the cesium
salt of the tetrahedral aluminate monomer, CsAl(OH),-2H,0,
crystallizing from cesium hydroxide.> A comparison of concen-
trated Na,O:Al,0;:H,0 and K,O:Al,O;3:H,O systems reveals
that counterions influence solvent-solute clustering dynamics to
either promote or frustrate crystallization.'®'” In potassium alu-
minate solutions, cation-anion prenucleation clusters promote
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liquid-liquid separation events, resulting in fast diffusion
dynamics, nucleation, and rapid precipitation of K,[Al,O(OH)g].
With supersaturated sodium aluminate solutions, prenucleation
clusters manifest as densely packed arrangements that locally
minimize the hydration enthalpy but frustrate the precipitation
of crystalline phases. As a result, sodium aluminate solutions
can remain supersaturated for months at room temperature,
over which time they form a semitransparent gel with a mixture
of coprecipitated crystalline phases, including nonasodium bis
(hexahydroxyaluminate) trihydroxide hexahydrate (NSA; Nag[Al
(OH)6],(OH);-6H,0) and monosodium aluminate hydrate (MSA;
Na,[Al,05(0H),]-1.5H,0)."*%°

Given their relatively low melting temperature, these crystal-
line sodium aluminate hydrates (NSA and MSA) comprise a
useful model system to probe: (i) solid-state recrystallization
pathways and intermediate phases independent of solution-
state aluminates; and (ii) the significance of water in the
coordination change, given that only structural hydration
waters are present.”’ NSA is triclinic (space group P1) and is
composed of a three-dimensional matrix of edge-sharing
sodium octahedra coordinated with water and hydroxyls which
encapsulate monomeric, Al** octahedra ligated by hydroxides
(Fig. 1).*° Thus, crystallization of NSA allows the precipitation
mechanism of tetrahedral, solution state aluminate species to
be scrutinized without additional complexity attributed to con-
densation of aluminate into the octahedral layers of gibbsite
and boehmite. Recent investigations of NSA, coprecipitated
with sodium hydroxide monohydrate (NaOH-H,0O), revealed
that loss of water within the ion-ion networks in the crystalliz-
ing mother liquor led to condensation of [Al(OH),]” and pre-
cipitation in trace amounts of approximately 0.5 + 0.1% of the
total Al content of the sodium salt of the tetrahedral p-oxo alu-
minate dimer Na,Al,O(OH)s.** Na,Al,O(OH)s had not pre-
viously been observed in the NaOH system as a solid phase but
could be measured as a trace defect in NaOH-H,O, or as an
interface- or surface-associated moiety in NSA.*?

Here, we examine the dissolution of AIOOH in molten
NaOH-H,0, which involves transformation of edge sharing
octahedra in AIOOH (Fig. 1a) to solution species of tetrahedral
coordination (Fig. 1b). Following dissolution of AIOOH at
70 °C, we observed a metastable, amorphous, tetrahedral AI**
species that formed as a result of the precipitation of solution-
state aluminates. We subsequently identified this species as
amorphous monosodium aluminate hydrate (amMSA).
Crystalline MSA is tetragonal (space group P42,;m) and con-
tains extended networks of tetrahedrally coordinated Al ful-
filled by three bridging oxo bonds linking to adjacent Al and a
single hydroxy termination (Fig. 2¢ and d).*>*> While Al in
both the solution and the amMSA phases is tetrahedrally co-
ordinated, in the latter amMSA phase, the Al polymerization
while less extensive than in crystalline MSA is nonetheless
greater than in the aluminate dimer. Cooling of this mixture
from 70 °C to 30 °C results in crystallization of the amMSA
phase into NSA, requiring depolymerization of tetrahedral Al
into octahedrally coordinated Al monomers in the NSA
structure.*”

This journal is © the Partner Organisations 2022
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Fig. 2 Ternary diagram of the Na,O : Al,O3: H,O system, showing how
a physical mixture of ALOOH and NaOH-H,O can approximate the com-
position of NSA. Several known phases in the ternary system are marked
with filled symbols and annotated. The composition of the mixture of
NaOH-H,0 and AIOOH is marked with an orange symbol, and an orange
line is drawn to guide the eyes. The compositions defining the solubility
field of solutions at a temperature of 30 °C are drawn with unfilled
symbols.®*°

This work establishes that amMSA is an intermediate alu-
minate species that mediates the exchange of octahedral, poly-
merized Al in AIOOH with the monomeric, octahedral Al of
NSA. In situ magic angle spinning (MAS) *’Al nuclear magnetic
resonance (NMR) spectroscopy was used to follow the Al
coordination changes during the heating and cooling process

This journal is © the Partner Organisations 2022

using high-pressure NMR rotors>! capable of preventing loss
of water during this process. These studies were complemen-
ted by X-ray diffraction (XRD), Raman spectroscopy and >’Al
MAS NMR spectroscopy, and >’Al multiple-quantum (3Q) MAS
NMR experiments at high field to inspect the spectroscopic
qualities of amMSA. Characterization of these sodium alumi-
nate hydrates is of industrial importance both for Al ore pro-
cessing and refining, and for the processing of Al-rich highly
alkaline radioactive waste produced during cold war activities
currently stored in underground tanks at the Department of
Energy’s Hanford site, Washington State. In the later example,
studies of the reactivity of MSA are of interest because MSA
forms through caustic leaching of these Al-bearing waste
sludges and has recently been shown to recrystallize into NSA
under these conditions.>">*2¢

2. Experimental methods’

All chemicals were used as received. The purity and vendor of
the used chemicals are listed following their first description.

2.1. Synthesis of aluminum oxyhydroxide (boehmite, AIOOH)

AlOOH was crystallized by hydrothermal treatment of an amor-
phous aluminum hydroxide gel prepared from addition of
NaOH solution to aluminum nitrate solution.”” A 0.25 M
aluminum nitrate solution was prepared from dissolution of
aluminum nitrate nonahydrate (Al(NO;);-9H,0, >98.5%,
Sigma Aldrich) in deionized water (18 MQ cm, Barnstead™
Genpure™ pro water purification system, Thermofisher). The
pH of the aluminum nitrate solution was increased from 2 to
10 via dropwise addition of NaOH (>98%, Sigma-Aldrich) dis-
solved in deionized (DI) water to form a 1 M solution. The
aqueous suspension of amorphous aluminum hydroxide was

Inorg. Chem. Front.
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stirred for 1 h. The Al(OH); gel-like precipitates were collected
by centrifugation at 8600 rpm and washed three times with DI
water. The precipitates were dispersed in DI water, the pH was
titrated to 10 with 1 M NaOH, then additional water was added
to form 16 mL of a 0.5 m Al(OH); suspension. The suspension
was added to a Teflon lined Parr vessel and placed in a rotating
oven (10 rpm) at 200 °C for 48 h. The resulting boehmite nano-
particles were collected by centrifugation at 8600 rpm and
washed with DI water three times. The boehmite solids were
dried overnight at 80 °C in an electric oven. Characterization
of boehmite nanoparticles with *’Al MAS NMR spectroscopy
indicated that only 6-coordinate Al is present, which is in
agreement with the crystal structure (see Fig. S1 in the ESIT).
Additional characterization of the boehmite is available in lit-
erature, including techniques such as X-ray diffraction, Raman
spectroscopy, Brunauer-Emmett-Teller (BET) measurements
of surface area, and also synchrotron X-ray and Neutron
scattering.’””*® Note that *’Al MAS NMR data of the initial
boehmite solids in the absence of NaOH-H,0 were acquired at
a field of 14.1 T, and subsequent fitting of the data with quad-
rupolar line shape parameters demonstrated that the para-
meters (isotropic chemical shift, quadrupolar coupling para-
meter, and asymmetry parameter) were in good agreement
with the work of others.>®

2.2. Sample preparation for NMR spectroscopy and
complementary characterization

A physical mixture of NaOH-H,0 (99.99%, Sigma-Aldrich) and
AIOOH was mixed in an Ny-filled glovebox to give a
4.5:1:14.5 mole ratio of Na,O:Al,0;3:H,0, which approxi-
mates  the stoichiometry  of  NSA  (4.5:1:13.5,
Na,O: Al,O; : H,0) as shown in Fig. 2. This physical mixture
was loaded into a 7.5 mm zirconia NMR rotor for variable
temperature MAS NMR spectroscopy at 7.05 T. Additional
samples of the same composition were prepared, and ex situ
Raman spectroscopy, X-ray diffraction, and *>’Al MAS NMR
spectroscopy at 14.1 T were used to characterize the ambient
temperature crystallization process, following the dissolution
of AIOOH in molten NaOH-H,O. For the ex situ studies, a
mixture of NaOH-H,0 and AIOOH was prepared such that the
mole ratio of the mixture was (4.5:1:14.5 mole ratio of
Na,O:Al,03: H,0) and placed in a Teflon-lined Parr vessel,
then heated in a rotary oven operating at 70 °C and 10 rpm for
24 hours. The Parr vessel was removed from the oven and the
solids were removed from the vessel after 1 hour. The use of
pressurize-able Parr vessels insured that there was no loss of
water during the heating of these materials. Therefore, the
composition of the solids is defined by the initial mixture of
AIOOH and NaOH-H,0.

2.3. NMR spectroscopy

Variable temperature, in situ >’Al MAS NMR spectroscopy at
7.05 T was conducted to investigate both the octahedral to
tetrahedral Al coordination during dissolution of AIOOH, the
precipitation of an unidentified amorphous phase, and the
tetrahedral to octahedral Al coordination change during crys-
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tallization of the amorphous phase into NSA. In situ >’Al MAS
NMR spectra were acquired on a Varian-Inova NMR spectro-
meter operating at temperatures between 20 and 70 °C using a
7.5 mm MAS probe. The temperature was calibrated with the
'H chemical shifts of ethylene glycol under equivalent spin-
ning rates.>" In situ NMR spectroscopy samples were prepared
by loading a physical mixture of AIOOH and NaOH-H,O into a
7.5 mm custom designed zirconia rotor.** Note that prior
studies tracking the mass of these sealed rotors filled with
70% by volume water, indicated that the rotors provide a gas-
tight seal to temperatures of 245 °C which generates a vapor
pressure of H,O of 35 atm.>® The use of pressurize-able NMR
spectroscopy rotors insured that there was no loss of water
during the heating of AIOOH and NaOH-H,O. Therefore, the
composition of the solids is defined by the initial mixture of
AlOOH and NaOH-H,O. The sample spinning rate was approxi-
mately 3.4 kHz. >’Al MAS NMR spectra were collected using a
single pulse with a n/10 pulse length to balance the uniformity
of the excitation of liquid and solid-state Al resonances with
sensitivity, a 1 s recycle delay and 100 ms acquisition time.
The *’Al chemical shift was externally referenced to 1 M Al
(NO3)3-9H,0 in D,O (6 = 0 ppm).

Additional >’Al MAS NMR studies of the tetrahedral to octa-
hedral transformation following the crystallization of the
amorphous phase into NSA at ambient temperature were con-
ducted at 14.1 T and 20 kHz spinning rate to provide spectra
with increased resolution. A sample, prepared in a Parr vessel
as described above, was loaded into commercial 2.5 mm
Bruker rotors with Vespel drive and bottom caps. In situ >’Al
MAS NMR spectroscopy was then conducted using a 14.1 T
Bruker NMR spectrometer. The corresponding *’Al Larmor fre-
quency is 156.375 MHz. A MASDVT600W2 BL2.5 X/Y/H probe
was inserted into the spectrometer at a temperature of approxi-
mately 25 °C with the temperature regulated by flowing N, gas.
A series of single pulse, direct excitation, >’Al MAS NMR
spectra were acquired and a *’Al multiple quantum (3Q)MAS
NMR spectrum was collected.

Single pulse, direct excitation Al NMR spectra were
obtained at 14.1 T through the collection of 1024 transients
with an 18.5184 ms acquisition time, a 1 s delay between tran-
sients, a 20 kHz MAS spin rate, and a n/20 liquid-state pulse
corresponding to a duration of 0.45 ps. An excitation length
nutation experiment on 1 M Al(H,0),>" solution prepared via
aluminum chloride hexahydrate (AlCl;-6H,0, >99%, Sigma-
Aldrich) dissolution in H,O was used to measure the liquid-
state n/20 pulse width. In addition, chemical shifts are refer-
enced to the 1 M Al(H,0)s>* solution (§ = 0 ppm).

%Al 3QMAS spectra were also acquired at a field of 14.1 T
using the Bruker, 2.5 mm MAS probe. For the amMSA sample,
the spectrum was acquired with a z-filter, *’Al 3QMAS pulse
sequence (three pulse z-filter sequence, mp3qzqf) at a spin-
ning rate of 20.0 kHz. The excitation pulse power level and
conversion pulse were —20 dB, the selective pulse power level
was 5.23 dB, the delay between the second and third pulse
(D4) was 20 ps, the acquisition time was about 14.88 ms and
the spectral width for the evolution dimension (F1) was 20.0

This journal is © the Partner Organisations 2022
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kHz. Optimized P1, P2, and P3 pulse durations were 3.8, 1.6,
and 17.0 ps. The recycle delay between scans was 20 seconds, a
collection of 96 transients were acquired with 72 increments.
Acquisition  utilized  States-Time  Proportional Phase
Incrementation (TPPI) processing.

2.4. Post acquisition processing of >”Al MAS NMR spectra
and *>’Al 3QMAS NMR spectra

In situ >’ Al MAS NMR spectra obtained at a field of 7.05 T were
first processed in Mestrenova (version 14.01-23559, released
2019-06-07, Mestrelab Research S.L.) where the spectra were
zero-filled once and 50 Hz of exponential line broadening was
applied. >’Al MAS NMR spectra acquired at a field of 14.1 T
were also first processed in Mestrenova wherein the free induc-
tion decay was zero-filled to 52.5 ms, after which 20 Hz of
exponential line broadening was applied. The 2D 3QMAS spec-
trum was sheared in Topspin (v3.5.7), 20 Hz of exponential
line broadening was applied, and slices along the F2-dimen-
sion were then extracted.

2.5. Simulation of >’Al MAS NMR spectra and >’Al 3QMAS
NMR spectra

Quadrupolar line shape parameters including the spinning
side band components for AIOOH, amMSA, and NSA were
regressed by deconvoluting experimental *’Al MAS NMR
spectra at 14.1 and 7.05 T. For amMSA, the regression of the
27A] MAS NMR spectra at 14.1 T and 7.05 T were guided by the
analysis of ?’Al 3QMAS NMR spectra. The *’Al MAS NMR
spectra were fit to obtain the quadrupolar line shape para-
meters in sSNAKE (v 1.3)** using the finite MAS quadrupole
model through which the quadrupolar line shape parameters
were fit through the minimization of the residual between the
data and the summation of the components using the Powell
minimization. The 3QMAS extracted slices were then simu-
lated in ssNAKE using the 3QMAS fitting routine for I = 5/2
nuclei, MQ = 3, and with a finite MAS of 20 kHz. These quad-
rupolar line shapes of AIOOH, amMSA, and NSA were assumed
to be temperature independent and were used to fit the in situ
>7A] MAS NMR data acquired at a field of 7.05 T by algebraic
combination with a Lorentzian line attributed to a solution
aluminate component. The peak position, fwhm and signal
intensity of the Lorentzian line could vary.

2.6. X-ray diffraction (XRD)

The transformation of the initial MSA and NaOH-H,O phase
mixture to NSA was analyzed by XRD, where the solids were
loaded into an analytical cell, equipped with Kapton windows,
in an Ny-filled glovebox. The cell was transferred to a Philips
X'pret multi-purpose diffractometer (PANAlytical Almelo, The
Netherlands), utilizing a fixed copper anode, operating at
40 mA and 50 kV. Phase identification and quantification were
performed in TOPAS (v7, (Bruker AXS)). The Rietveld fits of the
powder XRD patterns were carried out using TOPAS using lit-
erature NSA* and sodium hydroxide monohydrate®® crystal
structures with the atomic coordinates not refined. Note that
the shapes of the reflections were calculated using the funda-

This journal is © the Partner Organisations 2022
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mental parameters approach, and the instrumental factors
were established with patterns obtained from NIST silicon
(SRM 640D) and LaBg (SRM 660A) powders. Line broadening
from finite crystallite size was modeled using the double-Voigt
approach.®

2.7. Raman spectroscopy

Raman spectra were acquired on samples prepared ex situ. The
Raman spectra were collected on a Horiba LabRam HR
spectrometer, installed on a Nikon Ti-E inverted microscope
with a 40x objective through the application of a continuous
632.81 nm laser at a temperature of approximately 25 °C.
Spectra were acquired between 100-3800 cm™'. Diagnostic
Raman peaks for NSA and MSA occur between 390-550 cm ™,
and this window was deconvoluted using a single linear spline
to remove the background and then followed by regression of
purely Lorentzian line shape parameters. The regression uti-
lized the fewest number of Lorentzian peaks required to fit the
data.

3. Results and discussion

The results and discussion are organized as follows. First, the
dissolution of AIOOH in molten NaOH-H,O after heating to
70 °C, and the subsequent precipitation of a solid phase after
cooling to near ambient temperature, are presented in terms
of in situ >’Al MAS NMR spectroscopy at a low field of 7.05
T. Then, the ex situ characterizations of the unidentified
phases (amMSA and NSA) formed during the reaction using
X-ray diffraction, Raman spectroscopy, and high field (14.1 T)
7Al MAS NMR spectroscopy are described. The order of these
results shows the in situ results first, and then unravels the
complexity of the in situ NMR spectroscopy results with the ex
situ characterizations. Lastly, using a combination of single
pulse direct excitation NMR spectra at 14.1 T and 7.05 T and
3QMAS NMR spectra at 14.1 T, the quadrupolar line shape
parameters of the amorphous phase are identified.

3.1. In situ *’Al MAS NMR spectroscopy of AIOOH dissolution
in molten NaOH-H,O0

Dissolution of AIOOH in molten NaOH-H,O was followed with
in situ >’ Al MAS NMR spectroscopy. The chemical shifts of *”Al
MAS NMR resonances are sensitive to the coordination of the
Al nucleus, and were used to monitor the dissolution of edge
sharing Al octahedra in AIOOH to form Al tetrahedra in solu-
tion. Tetrahedrally coordinated Al exhibits an apparent chemi-
cal shift near 80 ppm, whereas octahedrally coordinated Al
exhibits a chemical shift of approximately 0 ppm.**?® In
addition, the ?’Al nucleus is also quadrupolar (spin 5/2) and
100% abundant.

At a relatively low field of 7.0 T, NMR spectroscopy was used
to track Al speciation in a mixture of AIOOH and NaOH-H,O0 as
it was heated to 70 °C (Fig. 3). The initial spectrum acquired at
30 °C shows the presence of trace (<1%) tetrahedral Al and
dominant octahedral Al. Given that the melting point of
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Fig. 3 (A) Temporal progression of single pulse, direct excitation, in situ

27Al Chemical Shift [ppm]

Time [hours]

27Al MAS NMR spectra acquired at 7.05 T of the dissolution of AIOOH in

NaOH-H,0 at 3.4 kHz and temperatures increasing from 30 to 70 °C. (B) Corresponding simulation of the data with fixed quadrupolar line shapes for
the solids, and a flexible Lorentzian line for the liquid component. Note that a 10x magnified spectrum is offset from the initial spectrum acquired at
t = 0 hours. (C) Relative intensity of the 2’Al NMR signals and Lorentzian line shape parameters for the solution component such as the (D) chemical
shift and (E) full-width at half maximum (fwhm). Note that lines connect the data points in the charts and are only drawn to guide the eyes. Spinning

side bands are annotated with an asterisk (*).

NaOH-H,0 is 64 °C,*” and that tetrahedral Al is not present
in as synthesized AIOOH (based on *’Al MAS NMR spec-
troscopy at 14.1 T and 20.0 kHz, shown in Fig. S1 in the ESIY),
the presence of trace tetrahedral species at 30 °C indicates
some limited transformation of AIOOH wupon physical
mixing with NaOH-H,O upon increasing the temperature to
only 30 °C.

Raising the temperature to 70 °C at a rate of approximately
3 °C min~"' resulted in a dramatic increase in the concen-
tration of tetrahedral species relative to octahedral AIOOH. The
increase in the magnitude of the tetrahedral Al resonance
occurred along with an downfield chemical shift, from
approximately 70 to 73 ppm, which corresponds to deshielding
of the tetrahedral species (Fig. 3D). In addition, there is an
increase in the chemical shift of AIOOH as the temperature
increases likely due to chemical exchange with the incipient
tetrahedral phase. An increase in the chemical shift of the
tetrahedral *’Al nucleus was also observed when the AI**
centration in solution was increased in LiOH, KOH, and NaOH
solutions, and was attributed to changes in Al speciation, from
predominantly AI(OH),” monomers, to mixtures with Al,O
(OH)s>~ dimers.*® The final spectrum after 0.6 hours (Fig. 3)
shows that the tetrahedral resonance is predominantly
Lorentzian in shape. However, over the next 20 hours, systema-
tic changes in the tetrahedral line shape occur, consistent with
the emergence of a second tetrahedral Al resonance, which is
assigned to the precipitation of an unknown tetrahedral AI**

con-

Inorg. Chem. Front.

species (see section 3.41 for characterization including details
regarding the deconvolution of the quadrupolar line shape).

3.2. Precipitation of an amorphous tetrahedral phase at 70 °C

Transformation of solution state aluminates to an unknown
phase where Al is tetrahedrally-coordinated was followed in a
series of direct excitation, single pulse in situ >’Al MAS NMR
spectra collected at 7.05 T and 70 °C (Fig. 4).

In Fig. 4, the tetrahedral component progressively resonates
at lower chemical shift (decreasing from 76 to 72 ppm) and, over
the course of 4 hours, the full width at half maximum progress-
ively narrows from 800 Hz to 200 Hz. The relative integral of the
Lorentzian line shape of the >’Al MAS NMR spectral component
assigned to the solution-phase sodium aluminates decreases
from ~100% at 0.7 hours, to ~30% at 4 hours, and remains
approximately constant over the course of one day. The spectro-
scopic qualities of the Lorentzian component are consistent
with a reduction in the concentration of solution-state tetra-
hedral species. The reduction in the Lorentzian signal intensity
is also inversely correlated with the emergence of a prominent
shoulder which creates an asymmetry in the resonance. The
assignment of the Lorentzian component to a solution phase
and the prominent shoulder to a precipitated phase can be
rationalized with *’Al MAS NMR experiments where the exci-
tation pulse length is nutated, as shown in Fig. S2 in the ESL}

Analysis of the nutation experiments indicates that the
Lorentzian component exhibits sinusoidal dependence on the

This journal is © the Partner Organisations 2022
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Fig. 4 (A) Single pulse, direct excitation, in situ 27Al MAS NMR spectra at a field of 7.05 T with 3.4 kHz spinning rate and at 70 °C tracking solution
state aluminates precipitating to form an unknown phase with Al in tetrahedral coordination. (B) Corresponding deconvolution of the spectra using
the quadrupolar line shape of a boehmite spectrum, a Lorentzian line attributed to solution-state aluminates, and the quadrupolar line shape attribu-

ted to the unknown phase (amMSA). (C) Relative intensity of the Al NMR

signals and Lorentzian line shape parameters for the solution component

such as the (D) chemical shift and (E) full-width at half maximum (fwhm). Note that lines connect the data points in the charts and are only drawn to

guide the eyes. Spinning side bands of very weak intensity are annotated w

excitation pulse length, which is commonly seen in solution
state species, and that the asymmetric component has a drasti-
cally reduced 90° pulse length, which is commonly seen in
solid phases. While it is possible that *”Al sites in solid phases
with weak quadrupolar interactions, such as having a quadru-
polar coupling coefficient between 0-2 MHz, can also exhibit
quasi-sinusoidal nutation behavior, this is unlikely because of
the low field that the NMR data was collected at. For example,
the octahedral Al site in lithium aluminate layered double
hydroxides at the same field strength has a quadrupolar coup-
ling coefficient of 1.4 MHz, and was observed to have a
reduced 90° pulse length compared to solution state alumi-
nates at the same magnetic field."*

The spectra were deconvolved with three components: (i)
solid phase octahedral boehmite; (ii) a solution phase tetra-
hedral Lorentzian line shape; and (iii) an unknown tetrahedral
solid phase based on the tetrahedral region of the final spec-
trum in Fig. 4, which is demonstrated later to be amMSA. This
deconvolution allowed the relative abundance of the unknown
phase to be estimated, and shows that it increased to approxi-
mately 70% of the Al signal over 4 hours. After 4 hours, the
proportion of the signal intensity of the solution-state alumi-
nates attributed to the Lorentzian component and the
unknown phase (amMSA) remains constant over the course of
one day. Note that the amMSA component is a combination of
Al site 1 and Al site 2, as shown in Fig. 10.

This journal is © the Partner Organisations 2022

ith an asterisk (*).

3.3. In situ >’ Al MAS NMR spectroscopy of transformations
occurring during the temperature quench

*’Al MAS NMR spectra acquired at 7.05 T tracking the
changes in Al speciation upon reducing the temperature of
the sample from approximately 70 to 30 °C are shown in
Fig. 5. In the spectra, the Lorentzian component assigned to
solution-state species decreases in intensity from approxi-
mately 30 to 10% of the total Al signal, whereas the relative
integral corresponding to the unknown tetrahedral phase
increases. During the process, the chemical shift of the
Lorentzian component also reduces from 72 to 60 ppm and
the fwhm significantly broadens from 300 to 1700 MHz. The
increase in the fwhm upon lowering temperature is likely
due to an increase in the viscosity, and thus a decrease in
%’ Al mobility, as the mixture cools. Also, while the reduction
in the chemical shift of the Lorentzian component follows
the same trend observed by others,>® which is that a
reduction in the chemical shift occurs when the concen-
tration of Al is reduced, but the magnitude of the change in
chemical shift exceeds what was observed previously.
Specifically, prior literature has observed a decrease in the
chemical shift from near 80 ppm to approximately 70 ppm
when comparing 5 mM Al in dilute NaOH and 12 M NaOH,>®
while in these spectra, a tetrahedral Al chemical shift of
60 ppm is observed.
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Fig. 5 (A) Single pulse, direct excitation, in situ 2’Al MAS NMR spectra at a field of 7.05 T with 3.4 kHz spinning rate tracking the decrease in temp-
erature from 70 to 30 °C to monitor the precipitation of solution state aluminates precipitating to form an unknown phase (amMSA) with Al in tetra-
hedral coordination. (B) Spectra were deconvoluted with a Lorentzian line attributed to solution-state aluminates and the quadrupolar lineshape
attributed to the unknown phase with Al in tetrahedral coordination. (C) Relative intensity of the 27Al NMR signals and Lorentzian line shape para-
meters for the solution component such as the (D) chemical shift and (E) full-width at half maximum (fwhm). Note that lines connect the data
points in the charts and are only drawn to guide the eyes. Spinning side bands of very weak intensity are annotated with an asterisk (*). Note that the
amMSA component is a combination of Al site 1 and Al site 2, as shown in Fig. 10.

Fig. 6 shows in situ >’Al MAS NMR spectra following the
tetrahedral to octahedral Al coordination change at a field of
7.05 T. Over the course of 2 days, the tetrahedral component
decreased in intensity while the octahedral component
increased. In addition, the Lorentzian-shaped tetrahedral com-
ponent assigned to solution state species reduced in preva-
lence from approximately 10% to trace amounts below 1%,
and the peak position and full width at half maxima of the
Lorentzian line is approximately constant over the course of
the reaction. Spectra acquired at a field of 14.1 T and a spin-
ning rate of 20 kHz indicated that there are no pentahedral
species observable with *’Al MAS NMR spectroscopy during
the coordination change, and that the line shape of tetrahedral
and octahedral species are approximately constant during the
temperature quench, as shown in Fig. S3 in the ESLf}
Additional characterization was carried out to determine the
structures of: (i) the unknown intermediate tetrahedral phase
(amMSA) that persisted for several days; and (ii) the octahedral
phase that formed during the temperature quench (shown
subsequentially to be NSA).

3.4. Additional characterization of the intermediate
tetrahedral-Al phase and final octahedral-Al phase

To better understand the amorphous tetrahedral phase and
final octahedral phase formed in the in situ study, additional
characterization was performed using X-ray diffraction, Raman
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spectroscopy and >’Al MAS NMR spectroscopy at a