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ARTICLE INFO ABSTRACT

Keywords:
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Rare earth elements (REE) are increasingly critical resources in technological applications, but the current under-
standing of their separation by uptake into minerals remains limited. Here, we examined the adsorption and solu-
bilization of scandium (Sc), yttrium (Y), and lanthanum (La) into aluminum hydroxide (gibbsite, AI(OH)_). Based

Incorp'oration on spectroscopic investigations such as inductively coupled plasma-optical emission spectroscopy (ICP-OES) and
Scandium (Sc) . . . s . .

Adsorption time of flight-secondary ion mass spectrometry (ToF-SIMS), only Sc exhibited favorable incorporation and ad-
Doping sorption (0.66 and 0.06 atom%, respectively). Analysis of solid state 45Sc magic angle spinning-nuclear magnetic
Gibbsite resonance spectroscopy (MAS-NMR) indicated that Sc exhibits an octahedral coordination consistent with iso-

lated substitutions for Al in the gibbsite structure, leading to a decrease in the long-range order detectable by X-
ray diffraction. Density functional theory (DFT) calculations reinforced this interpretation by reproducing the de-
tected structural distortion as well as demonstrating the relatively favorable energetic basis for Sc incorporation
into gibbsite by substitution.

1. Introduction

The International Union of Pure and Applied Chemistry (IUPAC)
classifies rare earth elements (REEs) as a group of 17 elements, consist-
ing of the 15 lanthanide series from lanthanum (La) to lutetium (Lu),
plus scandium (Sc) and yttrium (Y).[1] REEs are commonly subdivided
into two categories: light REEs (LREEs), which span from La to eu-
ropium (Eu), and heavy REEs (HREEs) ranging from gadolinium (Gd) to
lutetium (Lu).[2,3] Y is classified as an HREE due to its similar physical
and chemical properties to the later lanthanides, whereas Sc is unique
due to its much smaller ionic radius.[4] REEs are critical to new tech-
nologies in optical devices,[5-7] micro-electronics,[8,9] magnets,[6]
alloys,[10] energy storage,[11,12] sensors,[13] quantum information
science materials,[14,15] electromagnetic wave absorbents,[16] aero-
space components,[17] biomedicines,[6] and so on.[18] REEs are con-
sidered critical resources because of scarce economically viable de-
posits, uneven distributions within deposits, and the technological ob-
stacles to their recovery.[19,20] In particular, Sc is in high demand[21,
22] because of its principal role in alloys with aluminum (Al) and also
in solid oxide fuel cells. [23-25]. Table 1.
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Although being relatively abundant in the Earth’s crust, Sc is widely
dispersed and tends not to selectively enrich in a particular mineralogy;
ores with Sc content ranging from 0.002 to 0.005 % can be considered
as viable resources.[26] While there are a few Sc-rich minerals such as
thortveitite, euxenite, and gadolinite,[27] Sc generally substitutes for
major elements like iron (Fe), Al, and uranium (U) in solid solutions at
low concentrations due to its small ionic radius, for example: Al3+
(VD) = 0.675 A, Sc3+ (V) = 0.885 A, Y3+ (V) = 1.040 A, and La3+
(VD) = 1.172 A.[28] Due to the high demand and deficient supply of
Sc, the price has increased to approximately $107-233 per gram (be-
tween 2016 and 2020 based on Mineral Commodity Summaries 2021,
U.S. Geological Survey),[21] which is around 1.7-3.7 times higher than
the price of pure gold metal (average price $65.39 per gram in Jan
2024).[22] Previously, there are numerous studies on REE uptake into
Fe oxide systems.[29] For instance, Cook et al. investigated natural
mineral samples from the Olympic Dam Cu-U-Au-Ag deposit in South
Australia and discovered incorporation and distribution of REEs in iron
oxides, particularly hematite (a-Fe 2O 3) and magnetite (Fe 3O 4). [30]
Bolanz et al. also discovered hematite is a potential carrier for Ce4+,
with synthetic hematite capable of incorporating Ce4+ up to 1.70 wt%.
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Table 1

Comparison of the computed lattice constants and the experimental lattice
constants for different samples of gibbsite with various dopants (Scandium,
Yttrium, and Lanthanum).

Computed unit cell Experimental unit cell

parameters parameters
System a/A b/A c/A a/A b/A c/A
pure gibbsite 8.66 5.05 9.47 8.67 5.04 9.65
Sc doped (3.12 % in DFT, 8.69 5.08 9.51 8.69 5.07 9.7
0.66 % in real sample)
3.12 % Y doped 8.68 5.07 9.52 N/A N/A N/A
3.12 % La doped 8.72 5.1 9.54 N/A N/A N/A

[31] Noted that Ce-hematite was found in red mud, which is an indus-
trial waste from the Bayer process of bauxite ore to produce alumina.
Red mud has considered to be a promising secondary resource for REEs,
particularly for Sc where the concentration can be around 0.01 wt%.
[32,33] Here bauxite predominantly contains minerals such as gibbsite
[a-Al(OH) » but sometimes referred to y-Al(OH) 3], boehmite (y-AIOOH)
and diaspore (a-AlOOH). Therefore, recycling critical metal from waste
necessitates evaluations of the solubility and incorporation behaviors of
REEs in Al phases (e.g., gibbsite). Despite known and expected REE-Al
oxide associations,[34] much less work has been done on AlZOS:HZO
systems.

In addition to the applications in REE mining, understanding the in-
corporation of REE into gibbsite can also shed light on complex behav-
iors of radioactive wastes stored at the DOE Hanford site in the United
States. Approximately 8.86 X 103 metric tons of aluminum exists in 177
Hanford waste tanks, around 50 % of which was introduced to increase
the ionic strength during plutonium separation, and about 45 % is from
the fuel cladding material, while the residue is from aluminum nitrate
addition to reduce steel corrosion. Importantly, more than 1 metric ton
of ytterbium and lanthanum was added as process chemicals, and more
than 100 Curie radioisotopes of lanthanum were produced during the
nuclear reaction or decay progress. Therefore, it is necessary to esti-
mate how Y and La interact with Al in the waste tanks. Although there
is not a significant amount of Sc present, it can serve as an analog to
other 4th period elements, such as cobalt (>100 Ci radioactivity in
Hanford waste tanks) and chromium (>1 MT in Hanford waste tanks).
[35,36].

Here, we report a comparative study of the incorporation and ad-
sorption of Sc, Y, and La in gibbsite with the goal to establish the extent
of element uptake and its crystal chemical basis. Sc, Y and La were cho-
sen as representative REE elements in part due to their contrasting radii
and distinct 3d, 4d and 5d orbital configurations. Experiments quanti-
fied and characterized Sc, Y, and La uptake into gibbsite particles
through both co-precipitation and solution phase adsorption processes.
The incorporation and adsorption characteristics of Sc, Y, and La in
gibbsite were compared using a combination of various spectroscopic
techniques alongside density functional theory (DFT) calculations. DFT
calculations were used to compare incorporation energetics, local struc-
ture, and bonding interactions that govern REE substitution for Al in
gibbsite. Analysis of experiments and DFT calculations found that the
incorporation and adsorption of Sc into gibbsite is energetically favor-
able, while gibbsite did not show affinity for Y or La. This finding has
implications for the recovery of REEs, particularly Sc, from alternative
sources such as red mud, and for the portioning of REE in Hanford nu-
clear waste tanks.

2. Experiments and methods
2.1. Chemicals

All chemicals were obtained from commercial vendors without fur-
ther purification. Al(NOS) 3-9H20 and NaOH were purchased from
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Sigma-Aldrich. ScCl, and LaCl, were purchased from ThermoScientific
with a >99.9 % metal ion purity, YCl, was purchased from Sigma-
Aldrich with a 99.9 % metal ion purity. Deionized (DI) water with a re-
sistance of >18 MQ-cm was used throughout this work.

2.2. Preparation of gibbsite samples

2.2.1. Gibbsite synthesis

The pure gibbsite nanoparticles were synthesized through a hy-
drothermal method as described in previous publications.[37,38] Typi-
cally, a 0.25 M solution of AI(NO 3) 5 9H,0 was prepared, the pH was ad-
justed to 5 using a 3 M NaOH and the solution will become a suspen-
sion. The suspension was then stirred for one hour by mechanical stir-
ring with pH being kept at around 5 to form a gel-like precursor. The
precursor was collected by centrifugation (ThermoScientific, Sorvall
Lynx 4000 Centrifuge) and then washed with DI water three times to re-
move residue ions. At the end of the washing process, the gel-like pre-
cipitates were dispersed into DI-water and then the suspension was
transferred into a parr vessel reactor. The size of the reactor was
125 mL and the volume of the suspension was 100 mL. The pH of the
suspension was around 5 and the concentration of Al in the suspension
was around 0.25 M. The reactor was then placed into an 80 °C electric
oven for 5 days. The resulting precipitates were collected by centrifuga-
tion at 8600 rpm and the collected precipitates were washed an addi-
tional three times with DI water. The washed precipitates were then
dried in an oven overnight at 80 °C to yield gibbsite nanoplates.

2.2.2. REE-doped gibbsite synthesis

The general synthesis of the REE-doped gibbsite nanoparticles fol-
lows the same procedure as the one described for the pure gibbsite
nanoparticles, except with one alteration.[37,38] This alteration occurs
following the washing process to eliminate residual ions from the gel-
like precipitates. When DI water is introduced to the gel-like precursor
for suspension preparation, an additional 1 % or 5 % of REE dopant
chloride salts are incorporated into the suspension and thoroughly
mixed before transferring to the Parr vessel reactor. The percentage is
based on the molar ratio between the dopant cation and aluminum
cation in the 0.25 M A3+ suspension. The rest of the process follows
the same steps as the pure gibbsite synthesis.

2.2.3. Adsorption experiments

Three different concentrations for each REE were used for the ad-
sorption experiments. Solutions of 100, 50, 20, and 5 ppm REEs were
prepared using scandium chloride (ScClS), lanthanum chloride (LaClS),
and yttrium chloride (YCL). For the adsorption experiments, each dis-
persion comprised of 200 mg of pure gibbsite powder in 200 mL of so-
lution in a 250 mL centrifuge tube were prepared. To fully disperse the
solutions, the solutions were sonicated for 30 min and then shaken in
an orbital shaker for about 16 hrs to reach adsorption equilibrium. The
pH of Sc adsorbed gibbsite sample is between 4 and 5, and the pH of La
and Y doped gibbsite is between 5 and 5.5. After shaking, the gibbsite
adsorption solids were isolated from the solution through centrifuga-
tion at 8600 rpm for 30 min. The solid precipitate resulting from the
centrifugation was isolated, washed once with DI water, and then dried
in a 50 °C oven for about 1 day or until dry, and crushed to powder
form using a mortar and pestle.

2.3. DFT calculations

DFT calculations were performed by using Vienna Ab initio Simula-
tion Package (VASP) 5.4.4.[39,40] The generalized gradient approxi-
mation (GGA) was used for the exchange-correlation function, and the
projector-augment wave (PAW) was used to orient the effect of core
electrons.[41,42] The DFT-D3 correction with Becke-Johnson damping
was added to interpret van de Waals interaction in the system and hy-
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drogen bonding.[43] Effective U parameters for 4d and 5d orbitals was
set as 4.5 eV to correctly describe the highly localized electrons.[44]
The valence electrons of scandium, yttrium, lanthanum, aluminum, and
oxygen were respectively set as 3p14s13d1l, 4s24p65s24d1, 5525p65d16s2,
3s23pl, and 2s22p4. A large 2 X2 supercell with 224 atoms was con-
structed for the calculation. By utilizing this large supercell, it is feasi-
ble to accommodate an additional REE ion to have a ~3 % solid solu-
tion system, and the concentration of 3 % is close to the experimental
condition. In the ionic and electronic optimization steps, the total en-
ergy converged to 1 X 10-4 eV and the force between ions converged to
1x10-3 eV/A. The integration of the Brillouin zone was done in a
Gamma grid of 2 X 2 x 4 and the cutoff energy was set as 550 eV based
on convergency tests.

2.4. Characterization

2.4.1. Inductively coupled plasma-optical emission spectroscopy (ICP-OES)

ICP-OES was used to determine the bulk composition of doped and
adsorbed gibbsite samples. Cations were determined on a Perkin Elmer
Optima 2100 DV ICP-OES, with an AS93 auto sampler. Samples for ICP-
OES were prepared by dissolving 10 mg of each solid into 10 mL of
10 M HNO, in a 15 mL centrifuge tube. Each tube was placed in a 60 °C
water bath shaker for about 16 hrs to facilitate the dissolution of the
gibbsite solids. After dissolution, the tubes where diluted two times us-
ing 3 M HNO, aqueous solution, once diluted by x10 to bring the REE
concentration to a compatible concentration for ICP measurement, then
again diluted by another x 100, for a total of X 1000 dilution, to get the
aluminum concentration to a compatible concentration for ICP mea-
surement. Calibration curves were made beforehand with Al, Sc, Y and
La, with standard deviation squares of more than 0.99.

2.4.2. Time of Flight-Secondary ion mass spectrometry (ToF-SIMS)

ToF-SIMS (IONTOF GmbH, Miinster, Germany) was used to deter-
mine the composition of the gibbsite surface. The gibbsite liquid sus-
pension is centrifuged, and the top liquid is removed. Ultrapure water is
added into the residual to make it re-suspended, and the solution is cen-
trifuged again. After removing top liquid, about 3-5 pL material is de-
posited on a clean silicon wafer substrate. Residual water can be ex-
tracted using a filter paper and the sample is dried under ambient con-
dition for ToF-SIMS analysis. ToF-SIMS spectra were acquired using a
ToF-SIMS 5 spectrometer equipped with a 30 keV bismuth liquid metal
ion gun from ION-TOF GmbH (Miinster, Germany). The analysis was
carried out with a Bi_+ beam as the primary ion under a vacuum in the
range of 10-9 mbar during all measurements. The intention of SIMS was
to serve as a sanity check of ICP-OES data in order to facilitate the dif-
ferentiation of doping behavior versus adsorption behavior on the gibb-
site nanoparticles.

2.4.3. Scanning electron microscopy (SEM)

The morphologies of the REE doped and sorbed gibbsite samples
were characterized with an SEM (FEI, Helios NanoLab 600i). The sam-
ples were deposited on a silicon wafer substrate and coated with about
5 nm of carbon by a sputter coater to enhance the electrical conductiv-
ity of electron beam.

2.4.4. X-ray diffraction (XRD)

The mineral phases of as-synthetic samples were examined by a XRD
(Rigaku, SmartLab SE) equipped with a Cu anode. The samples were
mounted on a background-free Si wafer holder, and lightly compressed
with a clean glass microscope slide to have a plain surface. XRD Ri-
etveld refinement was done using GSAS-II.[45].
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2.4.5. Solid state 45Sc magic angle spinning nuclear magnetic resonance
spectroscopy

Single pulse, direct excitation 45Sc MAS NMR spectra were acquired
on a 14.1 T Bruker spectrometer. At a magnetic field strength of 14.1 T,
the Larmor frequency of 45Sc is 145.782 MHz. The spectra were ac-
quired on a BL3.2 X/Y/H probe, operating in dual resonance mode. The
samples were placed into commercial, 3.2 mm zirconia rotors with a
Vespel drive cap. The single-pulse, direct excitation 45Sc MAS NMR
spectra were acquired with 512 transients for the Sc(OH)_ sample and
up to 1,440,000 transients for the samples comprised of Sc in AI(OH) N
Additional parameters include an acquisition time of 4.9 ms, a delay
between transients of 100 ms, and a single, n/20 liquid-state pulse cor-
responding to a duration of 0.438 ps. These parameters correspond
with total measurement times of approximately 1 min for the Sc(OH) 5
sample and up to 31 h for the 45Sc in AI(OH) 5 samples. The liquid-state
pulse width nutation experiment was performed on 0.1 M ScCl3, pre-
pared via dissolution of ScC13~6H O (=99 %, Sigma-Aldrich) in DZO
(Sigma-Aldrich, 99.8 % D), and chemical shifts were also referenced to
this sample (§ = 0 ppm). Spectra were collected with a MAS spin rate
of 20 kHz. The spectra are shown after post-acquisition processing in
Mestrenova (version 14.01-23559, released 2019-06-07, Mestrelab Re-
search S.L.), where the free induction decay was truncated to 8192
points and 20 Hz line broadening was applied.

3. Results and discussion

Gibbsites crystallized in the presence of 1 % and 5 % REE (Sc, Y, and
La) chloride solutions were used as the doping sample set for examining
uptake by co-precipitation. Gibbsites exposed to 5, 20, and 100 ppm
REE-solutions at room temperature were used as the samples set to ex-
amine adsorption extent, where the pH was not modified. The pH of the
Sc adsorbed gibbsite dispersion was between 4 and 5, and the pH of La
and Y doped gibbsite dispersions was between 5 and 5.5. The uptake ex-
tent was evaluated by ICP-OES (Fig. 1). The ICP-OES results were com-
plemented by ToF-SIMS, which a surface sensitive semi-quantitative an-
alytical technique and those results are detailed in Fig. S1. The discrep-
ancy between ICP-OES and ToF-SIMS is mainly due to the intrinsic dif-
ferences in the detection principles. ToF-SIMS measures solid sample
surface (information depth 1-2 nm) -and is sensitive to the matrix ef-
fects, as the solid matrix can influence the ionization probability and
secondary ion yield, and hence complicate the quantitative analysis.
Therefore, ToF-SIMS does not accurately measure bulk concentrations,
but it can detect surface enrichment relative to the bulk. On the con-
trary, ICP-OES measures a totally dissolved sample and detects emis-
sion by ions excited in a plasma, and so ICP-OES is very accurate in de-
termining bulk concentrations.

The dependency of adsorption capacity on concentration is illus-
trated in Fig. 1. The measured adsorption amount was estimated by Eq.

.

Qads — (Csol — Cads)V 6h)

m

Where Qa & is the amounts of REE cations adsorbed (mg/g), Csal is
the REE concentration in the solution before adsorption (ppm), Cois is
the REE concentration in the solution after adsorption, V is the volume
of solution used during batch adsorption (ml), and m is the mass the
gibbsite during batch adsorption experiments (mg). The measured
amount of Y3+ and La3+ was fluctuating around 0 and indicated that
Y3+ and La3+ were not adsorbed on the surface. Conversely, Sc3+
demonstrates a relatively stable adsorption level of 0.08 mg/g at lower
concentrations, with a notable increase to 0.60 mg/g as the concentra-
tions rise. Then the data was analyzed using the Freundlich isotherms
Eq. (2):
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Fig. 1. Incorporation efficiency by ICP-OES measurements of three REEs: Sc, La and Y at various nominal concentrations ranging from 0 ppm to 100 ppm, as well as

at two doping levels, 5 % and 1 %.

log g, = logK + %ZogXe 2)

Where q,is the amount of solute adsorbed per unit mass of adsor-
bent (mg/g), C, is the equilibrium concentration of the solute (ppm), K
is the Freundlich constant indicative of the adsorption capacity, and n is
the heterogeneity factor. As shown in Fig. S2, the Freundlich model pro-
vided a suitable fitting, with a Freundlich constant &, of 0.025 mg/g
and a heterogeneity factor (n) of 0.77 +£0.05. The KF value indicates a
moderate adsorption capacity, while the n value is less than 1 suggests
that the adsorption process is chemisorption interactions. The adsorp-
tion capacity is mainly hindered by the surface charge of gibbsite and
the speciation of REE cations in the solution. The point of zero charge of
gibbsite is at pH of between 8.7 and 11.0,[46-48] but the pH of the
mixed solution is around 5, which is substantially lower than the point
of zero charge. At this pH, the surface of the gibbsite is positively
charged, leading to a significant coulombic repulsive force between the
positively charged adsorbent and the adsorbate. This electrostatic re-
pulsion effectively prevents the adsorbate from approaching and adher-
ing to the adsorbent surface. At pH higher than 5, the scandium will
precipitate according to the previous phase diagram investigation.[49]
There is no phase diagram established for La3+ and Y3+ for their specia-
tion in high pH. But it is anticipated the Y3+ and La3+ could demon-
strate similar phase diagram with Sc3+ and will precipitate at a high pH
and could not facilitate the adsorption. For doping, Sc-to-Al proportions
were confirmed as 0.66 % and 0.32 % at nominal doping concentra-
tions of 5 % and 1 %, respectively, through ICP-OES, and as 2.3 % and
0.54 % through ToF-SIMS. By comparison, neither Y nor La showed a
significant ability to be absorbed or doped into gibbsite. The finding
suggests that gibbsite crystallization or when used as a sorbent may
have some capacity to selectively bind Sc from complex REE mixtures.

Following the successful solubilization of Sc in gibbsite, it is impor-
tant to understand the underlying mechanism, such as whether solubi-
lization is through local defect structure and/or changes of long-range
ordering. XRD patterns of both pure gibbsite and Sc-doped gibbsites
confirmed the lack of additional crystalline phases beyond gibbsite
(Fig. 2). Notably, the intensity of the (0 0 2) peak at approximately 18°

(20) is higher than the theoretical values, which is attributed to the
prominence of the (0 O 1) orientation in the nano-plates (as shown in
Fig. S3) with some effects arising from preferential orientation. For Sc-
doped gibbsite, a model incorporating axial anisotropy along the
(0 0 1) direction to account for both strain and size broadening was em-
ployed during the Rietveld refinement. For pure gibbsite, micro-strain
fitting was modeled using the Stephen anisotropic strain model.[50]
The initial particle size used in the refinement was determined through
scanning electron microscopy (SEM) analysis (Fig. S3). Both the pure
gibbsite and the Sc-doped gibbsite maintains its monoclinic structure in
the space group P2 /n. The refined unit cell parameters were found to
be: a = 866A b = 505A c = 947A and V = 42028A3 with a
R, factor of 17.30 %. For the doped g1bbs1te the unit cell parameters
were found to be: a = 8.69 A, b = 5084 ¢ = 951 A, and
V = 425.81 A3, with a R, factor of 13.06 %. The minor unit cell ex-
pansion of the Sc-doped glbb51te is consistent with mcorporatlng larger
Sc ions (Sc3+ (VI) = 0.745 A and Al3+ (VD) = 0.535 A).

To constrain the coordination environment of 45Sc adsorbed or
doped into gibbsite, 45Sc MAS NMR spectroscopy was performed. Sc-45,
a nucleus with a quadrupolar spin of 7/2 and a 100 % natural abun-
dance, offers a sensitive measure of isotropic chemical shifts related to
coordination.51For example, for 45Sc in zirconia and silica, tetrahedral
coordinated 45Sc appears at isotropic chemical shifts of 180 ppm, octa-
hedral 45Sc appears at isotropic chemical shifts of approximately
160-110 ppm, and dodecahedral 45Sc appears at isotropic chemical
shifts of approximately —50 ppm/[51,52].

As shown in Fig. 3, the 45Sc resonance at 120 ppm falls within the
expected range for octahedral 45Sc (160 ppm to 110 ppm). Notably,
there is an approximate 20 ppm difference between the chemical shift
of 45Sc in gibbsite and in Sc(OH),. Comparing doped and sorbed sam-
ples, it was found that the 45Sc resonance did not exhibit a strong
quadrupolar line shape and remain consistent regardless of the concen-
tration of 45Sc in gibbsite or the incorporation method. If phase separa-
tion occurred, leading to regions of Sc(OH), structures, the peak posi-
tion would be speculated to approach that of Sc(OH)S. These results are
generally consistent with the notion that Sc has some interchangeabil-
ity with Al in gibbsite. Our findings resemble observations made in
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Fig. 2. XRD Rietveld refinement results of (a) 0.66% doped gibbsite and (b) pure gibbsite. The original data obtained is presented as blue circles, the fitting is shown
as a red line, the fitted background was presented as a dashed line, and the difference between the fitted result and the original data was plotted as a green curve.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 3. 5S¢ MAS NMR at a field strength of 14.1 T and 20 kHz MAS spin rate.
The spectra are normalized by each maximum signal intensity. The spectra are
annotated with a dashed line to highlight the change in the chemical shift be-
tween the samples comprised of 45Sc in gibbsite and a reference Sc:(OH)3 sam-
ple.

other systems using 45Sc MAS NMR. These include Sc substituting for
octahedrally coordinated Al3+ in hydrotalcite (represented as
Mg 6Al 2CO 3(OH) X 6~4H 20)[53] and for octahedral Mg2+ in periclase
(MgO)[54]. The similarity between the 45Sc NMR resonances in doped
and sorbed samples suggests that we cannot detect unique resonances
associated with surface 45Sc or that those surface sites are indistinguish-
able from the bulk. Given the expected disorder of surface 45Sc relative
to the bulk, a surface 45Sc resonance would likely be broader. The ab-
sence of observed differences could also be attributed to a combination
of signal broadness and/or low concentrations of surface species.

Building upon previous research in which isotropic elastic constants
(stiffness matrixes) were obtained,[55] the anisotropy of gibbsite was
quantified using the universal anisotropic index of elasticity[56,57]
Ay = % + f;—; -6 3

where A is the universal elastic index, G is the Voigt shear modu-
lus, G_ is the Reuss shear modulus, B_is the Voigt bulk modulus and B
is the Reuss bulk modulus. All the shear and bulk moduli were obtained
directly from ELATE,[58,59] and their values are listed in Table S1. The
universal elastic anisotropy index, proposed by Ranganathan et al., is
capable of characterizing the anisotropy of low-symmetry crystal lat-
tices, including the monoclinic group.[56] A value closer to 0 indicates
a more isotropic material. Gibbsite has an index value of 0.98, repre-
senting a low degree of anisotropy. The isotropic nature of gibbsite can
also be visualized by its 3D representation of its Young's modulus. Typi-
cally, isotropic materials have generic responses to applied forces re-
gardless of the measurement direction. In terms of gibbsite, the Young's
modulus for distorting the interlayer hydrogen bonding is approxi-
mately 120.3 GPa, only slightly weaker than that for perturbing the oc-
tahedra within the layers (139.6 GPa), which evidenced a low degree of
anisotropy (Fig. 4). The mechanical response is restricted to the xy
plane and the z-axis, which arises from the layered structure of gibbsite.
Consequently, this restriction explains occasional mis-stacking of layers
and the presence of interlayer defects caused by residual Al-oxo
oligomers, as observed in previous studies.[60] This isotropic nature of
gibbsite does not only provide uniform stress distribution, but also high
tolerance with volume variation, which explains the minor unit cell vol-
ume expansion of ~1 % with Sc incorporation, and the minor perturba-
tion to the host structure further highlights the favorable accommoda-
tion of Sc.

To predict the local structural perturbations arising from incorpora-
tion of REEs into gibbsite, DFT calculations were employed.[61] Al-
though other doped gibbsites, such as La- and Y-dopped gibbsites, were
not successfully synthesized, DFT calculations were conducted for all
three tested dopants to examine theoretical differences in the substitu-
tion cases. An ordered solid solution model was applied in this DFT
work, the concentration of the dopant was all set as 3.12 % to emulate
the experimental observation. To avoid dopant-dopant interaction,
computational cells were designed to enable distances between dopant
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@ (b) (001)

Fig. 4. (a) 3D simulation of the Young's modulus for gibbsite, and (b) (0 0 1)
plane of the 3D projection of the Young's modulus (GPa), green curve repre-
sents directional values of the Young's modulus. (¢) (1 0 0) plane of the 3D
projection of the Young's modulus (GPa), green curve represents directional
values of the Young's modulus. (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)

atoms of more than 10 A and more than 5 chemical bonds (as shown in
Fig. 5).

DFT energy minimized structure predictions align well with the ex-
perimental measurements for both the pure gibbsite structure and the
doped samples, except for a somewhat underestimated c axis unit cell
parameter. This discrepancy can be attributed to two main factors: i)
the hydrogen bonding between the layers is hard to precisely replicate
in the chosen formalism, even though the columbic force was included
by considering the dispersion force by adding the DFT + D3 with
Becke-Johnson damping interaction; ii) in real synthesized samples,
there are residue Al-oxo oligomer precursors between the layers,[60]
while this is not included in the DFT calculations, as the DFT model was
built upon a perfect crystal model. For La- and Y-doped gibbsites, only
computed results are available, as attempts to synthesize these com-
pounds were unsuccessful. The DFT results also reveal a lattice expan-
sion, consistent with experimental observations for Sc-doping. This ex-
pansion correlates with the size of the dopant ions, albeit not signifi-
cantly. Therefore, it indicates that the overall lattice change does not
substantially impede doping. Consequently, the challenges in doping
with Y and La are likely due to other factors, such as local distortions or
distinct electronic interactions. Therefore, we further explored the local
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coordination environment using DFT results, with the aim of comparing
them to the findings of 45Sc MAS NMR spectroscopy.

The DFT calculations revealed several similarities in the local struc-
ture between Sc-doped gibbsite and pure gibbsite (Fig. 6), confirming
Sc « Al substitution. The coordination environment of Al exhibits a dis-
torted octahedral geometry, with bond lengths ranging from 1.92 to
1.94 A, and one shorter bond length of 1.83 A. One of the bonded OH
groups accept electron density from a lone pair of oxygen in the adja-
cent layer, rendering it more electronegative. As a result, this OH group
forms a stronger bond with the metal ion, leading to a shorter bond
length. Similarly, Sc also exhibits an octahedral coordination environ-
ment, in agreement with 45Sc MAS NMR spectroscopy, with DFT-
derived bond lengths ranging from 2.14 to 2.16 A, with a shorter bond
length at 2.05 A. However, a more pronounced distortion was observed
in the coordination environments of Y and La. The bond lengths dif-
fered by more than 0.05 A and 0.07 A, respectively, excluding the
shortest bonds. The substantial distortion induced by Y and La can in-
troduce additional internal stress and lead to enthalpic destabilization
of the system. Furthermore, the uneven geometry of Y and La doping
can compound this problem by compromising isotropy, making incor-
poration direction specific. Collectively these effects appear to make
these substitutions into gibbsite unlikely, both during laboratory syn-
thesis and in natural environments.

The primary factor determining the success of doping was found to
be the distortion in the local environment rather than the sustainability
of the long-range structure. In addition to the structural change, it is es-
sential to examine the thermodynamic aspects to validate the effective-
ness of the doping process. To assess the thermodynamic characteristics
of various doping scenarios, DFT energies were employed. The calcula-
tions were based on the Eq. (4):

=E + E

Annino Adnnant.oihhcite <

4

Al metal oihhcita < Adonant metal

is the total en-

where E dopant-gibbsite

doping is the substation energy, E
ergy of the doped sample, E AL metal is the energy of the aluminum atom,
which was substituted out, Egibbsite’ . is the energy of pure gibbsite,

dopant, metal is the energy of the dopant atom. Both the energies of Al
atom and dopant atom are computed from the metal and divided by the
number of atoms in the metal lattice.

In accordance with Hess's law, knowledge of the ground state for
each component is necessary. The ground state information includes
the most stable crystal structure and the ground state magnetic struc-
ture. For both Sc and Y metals, the hexagonal close-packed (HCP) struc-
ture was adopted as the most stable structure in their ground states.[62,
63] This choice is supported by evidence indicating that HCP is the

Fig. 5. Side view and top views of the doped gibbsite model in this study. Blue octahedra are Al sites whereas brown octahedra are locations of dopant substitutions.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 6. Comparison of the computed local coordination geometry of gibbsite with various dopants (scandium, yttrium, and lanthanum) in gibbsite.

most stable structure under ambient conditions up to a phase transition
pressure of 23 GPa.[63] However, to date, explicit data on the most sta-
ble magnetic structure of Sc and Y metals is lacking, both from experi-
mental and computational sources. Consequently, we calculated the en-
ergies of three typical magnetic structures for Sc and Y metals: para-
magnetic (PM), ferromagnetic (FM), and antiferromagnetic (AFM). All
results are presented in Table S2, and the agreement between computed
and experimental unit cell parameters confirms the accuracy of the DFT
calculations, ensuring the precision of the thermodynamic calculations.

The energy of Sc metals in different magnetic structures demon-
strates slight variations. Previous experimental measurements on the
magnetic susceptibility only indicated a Weiss temperature below 0 K,
suggesting that AFM or FM magnetic structures are possible in the
ground state structure.[64] In this work, it is shown that Sc does not
strongly favor either magnetic ordering due to their near equivalent en-
ergies (Table 2). On the other hand, Y metal has a preference for the FM
or PM structures.

With the information on the stable magnetic configurations, the
doping energies were determined according to Equation (2). The dop-
ing energy was calculated as —3.25, —0.39 and 0.63 eV for doping Sc, Y,

Table 2
Calculated internal energy values of scandium and yttrium metal in different
magnetic structures.

Magnetic structure Scandium metal energy/eV Yttrium metal energy/eV

Ferromagnetic -4.48 -5.18
Antiferromagnetic —4.47 —-4.85
Paramagnetic —-4.47 -5.16

and La, respectively. The negative doping energy value of —3.25 eV
suggests that the incorporation of Sc into gibbsite is the most energeti-
cally favorable of these three substituents. The negative doping energy
value of —0.39 eV indicates that the incorporation of Y is somewhat en-
ergetically favorable, but is clearly less so than for Sc. La, with a posi-
tive doping energy value, is the least thermodynamically favorable sub-
stituent.

Further investigations of the electronic density of states (DOS) and
visualization of the electronic density distribution were warranted to
elucidate the electronic interaction of the Sc ions with the surrounding
oxygen atoms. The DOS provides insight into the orbital occupancy in
relation to energy levels (Fig. 7).[65] The DOS analysis revealed a lack
of overlap between the Sc 3d orbitals and the O 2p orbitals, suggesting
the lack of covalency in the bonding. Notably, a distinct and pro-
nounced peak is observed in the conduction band associated with the Sc
3d orbital, which has been also previously observed in Sc metal, but the
exact reason for the extreme localization of the Sc 3d orbital remains
unclear.[66-68] The charge density of the Sc cation visualized in the
plane that passes through the Sc atom (Fig. S3) shows that the electron
density originating from the oxygen atoms (light shadow region) ap-
pears to be highly localized, again confirming the ionic nature of Sc-O
bonding. During the calculation, the valence electron configuration was
only 3p14s23d1, hence only four electrons were explicitly considered in
the wavefunction. Around three electrons are lost as the scandium ion is
in a valence state of + 3. However, the remaining electron density is
barely observable, suggesting a strong ionic bonding between scandium
and oxygen. This strong ionic bonding signature indicates a lack of
structural selectivity between the Sc and gibbsite, despite the energetic
preference relative to Y and La. Nonetheless, the DFT computational re-



X. Zhao et al.

(a)

pDOE states eV

5
Energy &V

Chemical Engineering Journal xxx (xxxx) 149809

Fig. 7. (a) Orbital projected DOS and (b) charge density distribution calculated for scandium-doped gibbsite. In (b) the bisection of the scandium-doped gibbsite was
used to investigate the charge distribution of Sc-OH, with particular focus on the interaction between the scandium atom and the surrounding oxygen atoms.

sults are largely consistent with our experimental observations and sup-
port a conclusion that Sc is capable of incorporating into gibbsite by
substituting for Al in lattice positions.

4. Conclusions

This study focused on comparing the incorporation of the rare earth
elements Sc, Y, and La into and onto gibbsite nanoparticles. Only Sc ex-
hibited favorable incorporation, as well as surface complexation, while
Y and La were not found in significant quantities on or in gibbsite. The
experimental and DFT results both showed that Sc-doped gibbsite has a
slightly larger unit cell due to substitution and isotropy. In contrast, for
both Y and La a significant local distortion is observed in the octahedral
site, which leads to destabilization of the system. DFT computations of
doping energetics indicated a relatively favorable Al substitution by Sc
relative to Y and La. The incompatibility of the relatively large cations
Y and La with gibbsite suggests that Sc could be preferentially enriched
from mixtures of these three REE cations. This study provides insights
on the REE partitioning in Al (hydr)oxide systems and their thermody-
namic landscapes, critical for understanding REE behaviors in the Han-
ford waste tanks. The finding also contributes to the REE sustainable re-
source management and design of more efficient and sustainable strate-
gies for selectively recovering Sc, a valuable element from gibbsite-
related ores and red mud (a by-product of alumina production).
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