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Bifunctional sorbent for efficient endothermic removal of scandium

Metal sorption is described by the Langmuir equation (isotherm) and the pseudo-first order rate equation (kinetics)
Easy metal desorption and stable sorbent recycling

Preference for scandium over light REEs > trivalent transition metal ions > divalent metal ions

Treatment of acidic leachate of red mud
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ABSTRACT

A simple one-pot reaction of maleic anhydride with iminodi(methylphosphonic acid) in presence of N,N’- methylenebisacrylamide
allows producing a micron-sized multifunctional sorbent (herein called MPOH-MBA, bearing both carboxylate, phosphonate groups,
and tertiary amine groups). These multifunctional groups bring high reactivity for rare earth elements (REEs, hard acids) (soft bases O-
bearing ligands, consistently with Pearson’s principle) with modulation of positively-charged surface (amine groups for interaction with
scandium sulfate species). Effectively, MPOH-MBA shows remarkable sorption capacity for Sc(IIl) at optimum initial pH (i. e., pHp: 4):
Qeq,exp Teaches up to 5.34 mmol Sc g~ 1, at room temperature. Langmuir equation fits well experi-mental profiles (affinity coefficient: 0.677
L mmol~ ). Scandium sorption is endothermic: sorption capacity in-creases up to 6.50 mmol Sc g~ ! (at T: 50 °C), while the affinity
coefficient increases up to 1.54 L mmol ™ 1. Fast kinetics (equilibrium reached in 20-30 min) are favored by the micron-size of the sorbent
(and its good textural properties: 51 m2 g 1 for specific surface area and pore width close to 250 A). Kinetic profiles are fitted by the
pseudo-first order rate equation. The sorbent can be easily regenerated using 0.3 M HCI solution; the loss in sorption is less than 1.5% at
the fifth cycle. Main reactive groups (identified by Fourier-transform infrared spectroscopy) are carboxylate and phosphonate groups. In
presence of equimolar concentrations of competitor ions: sorption is governed by preference for trivalent metal ions over divalent cations.
Among trivalent metal ions rare earth elements (REEs) are preferentially bound (against AI(III) and Fe(III)); in addition, MPOH-MBA sorbs
Sc (II1) with higher affinity than Nd(III) and Ce(IIl). The sorbent shows a relative selectivity for scandium and REEs over metal ions present
in huge excess (100-500 excess), such as Fe(IIl) and AI(III)), in red mud acidic leachate.
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1. Introduction

Though scandium is not formally included in the list of rare earth
elements (REEs), its chemical properties (and presence in usual REE
ores) made it being associated to critical metals (and included in the US
Department of Commerce: 35 Critical Metals List in 2018, updated in
2022, [1]). Abundant but dispersed in ores [2,3], scandium is
commercially recovered as a byproduct of the extraction of other valu-
able metals [4] from diverse sources, such as red mud [5-10], electronic
scraps [11], tungsten slags [12], phosphogypsum, and uranium leachate
[13]. Scandium is mainly used in the manufacturing of aluminum alloys
(for enhanced resistance to mechanical constraints and corrosion), solid
oxide fuel cells, electrical conductors, 3D printing (for aluminum-based
components), and lithium-ion batteries.

Brouziotis et al. [14] analyzed the bibliography relative to the health
and diseases associated with exposure to REEs (through occupational
activities and food chain intake); they reported a series of diseases
involving cytotoxicity (due to reactive oxygen species and DNA (deox-
yribonucleic acid) damage), up to cell death. Ghosh et al. [15] reported
the environmental impact along the production chain (for different Sc
sources) at extraction, leaching, solvent extraction, sorption, and puri-
fication steps (including recycling from wastes). Based on these stra-
tegic, health, and environmental constraints, an increasing attention has
been directed in the last decade to the development of new methods and
materials for the recovery of scandium [9] and its separation from
associated metals and REEs [16,17]. Frequently, the first step in these
processes consists in the leaching of the metal from solid phases (min-
eral, waste, residues, red mud, etc.) [18-20]. The treatment of leachates
or acid mine drainage may involve different techniques such as selective
precipitation [21,22], solvent extraction [23-26], biosorption [27] or
sorption [28-30]. Most of solvent extraction systems involve organo-
phosphorus moieties [19,31,32], alkyl phosphinic acids [31,33], phos-
phonic acid [31], aminophosphonic group [34], and binary extractants
(containing phosphonate-based and alkyl carboxylic acid compounds)
[35]. Many sorbents have been designed for the recovery of scandium,
including biosorbents [36,37], bio-based materials [38-40], resins
[41-45], functionalized silica [46-51], and carbon nanotubes [52-54].
At the interface between solvent extraction and sorption techniques,
solvent impregnated resins (or silica support) offer complementary op-
portunities  [35,55,56], making more specifically profit of
phosphonate-based extractants [57].

The strong affinity of phosphonate groups for this kind of metal ions
(including REEs) may explain the interest attached to the use of iminodi
(methylphosphonic acid) (IDMPA) as a ligand for such metal ions
[58-61]. This property was used for elaborating photoluminescent
materials (with rare earth elements: [62,63]), contrasting agent in nu-
clear magnetic resonance (with lanthanum, [64]), electrocatalysts
(including application to water splitting, [65-67]), or manufacturing
batteries [68]. This was also used for elaborating sorbents by grafting
onto chitosan for the recovery of In(IIl), Sn(II), Th(IV), and U(VI) [60],
and the functionalization of alginate-PEI beads (for the removal of Sr(II)
and Cs(I)) [69].

On the other side, maleic anhydride (MAn) was used as a precursor
for designing many resins through reaction with different functional
polymers or precursors [70-73]: amine groups [74], thiourea [71],

sulfonated groups [75], and peptide groups [76].

Based on the properties of MAn and IDMPA, a new sorbent was
designed (MPOH-MBA) using N,N’-methylenebisacrylamide (MBA) as
the crosslinker. The sorbent bears both carboxylic groups (from MAn)
and phosphonate groups (from IDMPA), in addition to tertiary amine
groups. It is noteworthy that the steric hindrance around tertiary amine
groups in MPOH-MBA may control the accessibility of reactive groups.
This system mimics the impregnated resin designed by Sharaf et al. [35]
for the selective recovery of scandium: Amberlite XAD-7HP resin was
associated with a mixture of two extractants: PC-88A (alkyl phospho-
nate) and Versatic 10 (based on carboxylic groups). The immobilization
of functional groups on the organic backbone is expected to produce a
stable solid sorbent (with reduced loss of extractant). The rational for
designing this sorbent is based on the readily reaction of MAn with MBA
(for structuring the resin) but also with IDMPA. The grafting of
O-bearing ligands brings highly reactive and selective groups for the
binding of REEs (according the Hard and Soft Acid and Base principles:
hard bases react preferentially with hard acids). In addition, the pres-
ence of tertiary amine brings positively-charged reactive groups in
acidic solutions (favorable for the sorption of anionic scandium sulfate
species through anion exchange mechanism).

The multifunctional resin is initially characterized (by textural
analysis, scanning electron microscopy, thermogravimetric analysis,
Fourier-transform infrared spectrometry (FTIR), pHpzc (point of zero
charge), and elemental analysis), before extensively investigating Sc(III)
sorption properties. The effect of the pH is first considered (in relation
with pHpyzc and metal speciation). Uptake kinetics, sorption isotherms,
and metal desorption (and sorbent recycling) are evaluated before
investigating the selectivity from multicomponent equimolar solutions
(with synthetic solutions, at different pH values). In the last part, the
material is applied to Sc(IIl) recovery from real complex effluent (acidic
leachate of red mud): the sorption capacities, distribution ratio, and
selectivity are compared for Sc(IIl) (and other metal ions) to demon-
strate the interest of MPOH-MBA for scandium recovery (and separa-
tion) from industrial effluent.

2. Materials and methods
2.1. Reagents

Iminodi(methylphosphonic acid) (IDMPA, 97%), maleic anhydride
(MAn, 99%), 2-butanone (99%), N,N’-methylene bis-acrylamide (MBA,
99%), acetone (>99.5%), potassium persulfate (KPS, >99%), and so-
dium hydroxide (> 97.0%) were supplied by Sigma-Aldrich (Merck KGa;
Darmstadt, Germany). Scandium sulfate (99%), lanthanum sulfate
(99%), and cerium sulfate (99%) were purchased from the National
Engineering Research Center of Rare Earth Metallurgy and Functional
Materials Co Ltd. (Baotou, China). Calcium chloride (99.1%), ferric
sulfate (97.0%), magnesium chloride (95.0%), aluminum chloride
(99.1%), and zinc chloride (98.0%) were obtained from Guangdong-
Guanghua Sci. Tech., Co., Ltd., Guangdong, China.

2.2. Synthesis of sorbent

The sorbent was synthesized by the one-pot free radical



polymerization of maleic anhydride (MAn) with iminodi(methyl-
phosphonic acid) (IDMPA) in polar aprotic solvent using potassium
persulfate (KPS) as the redox initiator and N,N’-methylenebis(acryl-
amide) (MBA) as the crosslinking agent (Scheme 1) [77,78]. Practically,
MAn (2.94 g, 30 mmol) and IDMPA (6.15 g, 30 mmol) were mixed in
anhydrous 2-butanone (50 mL). Then, MBA (2.31 g, 15 mmol) was
added to the mixture and vigorously mixed to produce a homogenous
dispersion, before adding KPS (0.3 g), under reflux, at 80-85 °C. After
successive washing steps using acetone and water, the white yellowish
precipitate (MPOH-MBA) was dried at 60 °C overnight. The amount of
produced sorbent reached 10.15 g; meaning that the conversion yield is
close to 89% (based on weight balance).

2.3. Characterization of materials

Fourier-transform infra-red spectra were collected using an IR
Tracer-100 FTIR spectrometer (Shimadzu, Tokyo, Japan). The samples
were grinded with KBr powder and pressed into a disc (KBr pellet). The
morphology of the materials was assessed using a Phenom ProX scan-
ning electron microscope (equipped with an energy disperse X ray
diffraction detector, Thermo-Fisher Scientific Eindhoven, Netherlands).
Samples were carbon-coated, and the applied voltage was set to 15 kV.
Elemental analysis was determined using a Vario EL-cube element
analyzer (Elementar Analysensysteme GmbH, Langenselbold, Ger-
many). The textural properties were characterized by N adsorption and
desorption isotherms using TriStar (II) analyzer (Micromeritics, Nor-
cross (GA), USA); the sorbent samples were swept in N atmosphere for
4 h at 120 °C, before analysis. The specific surface area (Sggr; m? g b
was calculated using BET equation (Brunauer-Emmet-Teller isotherm),
while the BJH method (Barret-Joyner-Halenda model) was used for
evaluating the pore size and porous volume. The pH of zero charge was
measured by the pH-drift method [79]. Sorbent samples (sorbent dose,
SD: 2 gL~ 1) were dropped in a series of flasks containing pH-adjusted
solutions of 0.1 M NaCl (initial pH, pHy, from 1 to 11). After contact
for 48 h, under agitation, the final pH (pHeq) was measured using a S220
seven-Compact pH ionometer (Mettler Toledo, Instruments; Shanghai,
China). The pHpzc was defined as the pH value that corresponds to
pHo=pHeq. The thermal degradation of the sorbent was analyzed under
nitrogen atmosphere using a STA 449 F3 Jupiter® thermoanalyzer
(Netzsch-Geratebau HGmbh, Selb, Germany), adopting a temperature
ramp of 10 °C min~ 1.

2.4. Sorption studies

The first part of the study was performed on synthetic solutions using
the batch method. A given amount of sorbent (m, g) was mixed (at
stirring velocity: 210 rpm) with a fixed volume of solution (V, L) con-
taining Sc(IlI) (and other metal ions, when relevant) at Cy initial con-
centration (mmol Sc L~ 1) and given pHy. After fixed contact times (for
uptake kinetics, or 48 h for most equilibrium experiments), samples
were collected, and filtrated (filter membrane, pore size ~1.2 um); the
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equilibrium pH and the residual concentration (at equilibrium Ceg, or at
time t; C(t), mmol Sc L~1) were measured. Metal concentrations were
analyzed by inductively coupled plasma atomic emission spectrometer
(ICPS-7510, Shimadzu, Tokyo, Japan). The distribution ratio (D, L gfl)
was calculated from: D = qeq/Ceq. The mass balance equation was used
for the determination of sorption capacity (at equilibrium, geq, or at time
t, q(t), mmol Sc g’l): Qeq = (Co-Ceq) x V/m. For multi-component so-
lutions (selectivity study), the same experimental procedure was adop-
ted using equimolar concentrations of selected metal (or metalloid) ions.
The selectivity coefficient (SCsc/metal) Was defined by:
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For the study of metal desorption, the samples collected from uptake
kinetics (with known sorption capacity) were mixed with a fixed volume
of eluent (i.e., 0.3 M HCI); the sorbent dose (SD) was fixedto 2 g L1 (SD
= 0.667 g L™! for sorption step). For recycling tests, a water washing
step was systematically intercalated between each sorption and
desorption steps. Mass balance equations were used for calculating
sorption and desorption efficiencies and comparing the relevant per-
formances with those obtained at the first step.

The experiments were duplicated, and the data are reported as the
average values with standard deviation. The experimental conditions
are systematically recorded in the caption of the figures.

Conventional models were used for fitting experimental curves for
uptake kinetics and sorption isotherms; these equations are summarized
in Table S1 (see Supplementary Information). The parameters were
determined using non-linear regression analysis (with Mathematica®
facilities, Wolfram Research, Champaign, IL, USA). The quality of the
fits was assessed using the determination coefficient (i.e., R?) and the
Akaike Information Criterion (AIC, [80]).

2.5. Application to industrial effluent

The testing of MPOH-MBA with real industrial effluent was per-
formed on bauxite residues (red mud) generated by Jinnao-Ti Co
(Tengixan, Guangxi, China). The red mud was washed up with water
before being leached with sulfuric acid in the company. The produced
acidic leachate was used for these sorption tests. The effluent contains a
wide diversity of metal ions, (i.e., alkali, alkali-earth, transition and non-
transition elements, mainly Al and Fe, but also Si, Zr, Ti, Zn, Mo, and
REEs). The (as-produced) highly acidic solution (pH below zero) was
firstly adjusted to 1 (using 0.1/1 M NaOH solutions). The composition of
the solution for target elements (see above) in this solution (as refer-
ence) is reported in Table S2. Sorption tests were performed at different
pH values (in the range pHy: 1-5, using NaOH solutions); Table S2
summarizes the loss of target metals during pH adjustment (some
alternative data such as effective metal concentrations and molar excess
compared with scandium are also compiled). The contact time was set at
24 h, and the SD value to 1 g L™, After sorption, the equilibrium pH was
measured before filtration, the residual concentrations were determined
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by ICP-AES for calculating sorption capacity, concentration factor (X-
factor: qeq/Co), distribution ratio (i.e., D), and SCsc/metal-

3. Results and discussion
3.1. Characterization of sorbent

3.1.1. Physical properties

Scanning electron microscopy shows that sorbent particles obey a
heterogeneous distribution in terms of both shape and size (3-15 um,
average ~7.5um) (Figure S1). Particles are roughly spherical, with
granular surfaces and/or layered structure (platelet-like stacks). Nitro-
gen adsorption-desorption isotherms are reported in Figure S2a. In the
IUPAC classification (International Union of Pure and Applied Chemis-
try), this isotherm is assimilated to a Type II curve. This type of isotherm
corresponds to the adsorption of gas on nonporous or macroporous
materials. This could be also assigned to Type IV isotherm (with limited
saturation plateau (pore condensation zone). In this case, the material is
supposed to be mesoporous. The two branches (adsorption vs. desorp-
tion) are separated; the hysteresis loop is typical of Type IVa classifi-
cation, which corresponds to mesoporous structure (with pore width
larger than 4 nm) [81]. The hysteresis loop may be classified as H2b
(with the absence of the saturation plateau) or H3 (with the absence of
the cavitation point). The BET equation was used for the determination
of the specific surface area of the sorbent, which is close to 51 m? g~ .
The BJH equation was applied to both adsorption and desorption
branches: porous volumes are close to 0.219 and 0.229 cm® g7,
respectively. In Figure S2b, the distribution of pore widths is almost
Gaussian centered around 250 A. This is larger than the pore size
deduced from BJH equation: 170 A (adsorption branch) and 143 A
(desorption branch). According to IUPAC classification of pores,
MPOH-MBA can be considered mesoporous (20 A < mesoporous
<500 A).

The study of thermal degradation (Thermal Gravimetric Analysis,
TGA) under nitrogen atmosphere shows three major transitions
(Figure S3):

(a) < 195.1 °C: weight loss (WL) reaches ~17.6%, corresponding to
the release of adsorbed water from the sorbent; the peak on the
DTG profile (differential thermogravimetric) is attained at
56.9°C,

(b) 195.1-400.5 °C: WL = ~243.1%); the DTG is marked by two peaks
at 249.3 °C and 387.7 °C. At this stage, the material de-
polymerizes, carboxylate and phosphonate groups may be

decomposed. Afonin [59] reported the degradation of iminodi-
methylphosphonic acid above 245 °C by pyrolysis of P-C bonds.

(c) 400.5-803.5 °C: WL = 30.8%; two small DTG peaks are detected
at 572.8 °C and 644.7 °C. The final degradation of phosphonate
occurs in this region together with the degradation of the char.
The total weight loss reaches 91.5%.

In the case of TGA analysis of (carboxymethyl) iminodi(methyl-
phosphonic acid) complexes with Nd(III) and Eu(Ill), Cunha-Silva et al.
[63] identified three steps: at 115-125 °C (WL: 1.8-3.0%), 250-390 °C
(WL: 10-11%), and 390-700 °C (WL: 4-6%).

3.1.2. Chemical properties

Fig. 1 and Figure S4 show the FTIR spectra of the sorbent at different
stages of use (raw, after conditioning at pH 4, after Sc(III) sorption at pH
4, and after five cycles of sorption and desorption). In the wavenumber
range 4000-2000 cm ! (Figure S4), a broad band is identified at 3424
+2 ¢m ™!, which is associated to the convolution of the vyy and vo.g
signals. Herein, the amine group is present as tertiary amine (Scheme 1)
and most of the band should be assigned to the numerous OH groups
hold by phosphonate moieties. Cunha-Silva et al. [63] investigated the
complexation of Nd(III) and Eu(Ill) using (carboxymethyl) iminodi
(methylphosphonic acid). They identified vo.y (in phosphonate) at
3583-3563 cm ', and vo.y (in water) at 3390-3405 cm ', while vnpy
signal was associated with 3115-3120 cm ™! band. It is noteworthy that
after recycling the sorbent for 5 cycles, the broad band is restored, while
for pH-4 conditioned material the weak shoulder at ~3200 cm™! is
weakened (as well as for Sc(Il)-loaded sorbent). In addition, in the case
of metal-bound sorbent, the peak is shifted toward higher wavenumber
(i.e., 3453 cm™1). It probably means that the chemical environment of
—OH groups (in phosphonate moieties) is affected by Sc(III) chelation. In
the region 1960-1850 cm 7, the bands correspond to vc.y vibrations (in
-CH,, and —~CHj3 groups). These bands are hardly affected by the exper-
imental conditions (the resolution of the bands decreases after metal
sorption). Another band is observed at 2378 cm’l, which may be
assigned to vg.y in phosphonate environment [82]; apparently, this band
is not influenced by the modification of the sorbent (contrary to the
shoulder on the broad band at 3200 cm™!). More interesting are the
comparisons of spectra appearing in Fig. 1 (for 1800-400 em™? range).
The band at 1740 (or 1734) cm~! is attributed to Vc=0 Vvibration in
ketone and carboxylic groups [83] (MBA-MAn skeletal arrangement);
this band is weakened after conditioning in pH 4 aqueous solution and
disappears after scandium binding. The broad band appearing at
1647 cm ! is shifted to 1655 cm ™! after adjusting the pH to 4 (and after
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Fig. 1. FTIR spectra of MPOH-MBA sorbent at different stages of use: pristine sorbent, after conditioning at the pH of sorption (i.e., pHo 4), after Sc(III) sorption, and
after 5 cycles of reuse (sorption/desorption) (wavenumber range: 1800-400 em ™).

five recycling steps), which is coupled to two bands observed at
1416-1404 cm ™! and 1335-1331 cm ™!, which are assigned to asym-
metric and symmetric vcoo- signals, respectively [63]. The broadness of
the band is probably associated with the convolution of amine vibra-
tions. Based on the value of A[vcooasym - Vcoosym] (in the range
280-196 cm’l), Cunha-Silva et al. [63] concluded that the binding of
rare earths onto carboxylate moieties proceeds through the
anti-unidentate coordination mechanism. Here, the A value ranges be-
tween 243 and 318 cm_l; Deacon and Philips [84] correlated high A
values with unidentate coordination of metal ions with acetate groups.
After Sc(IIT) sorption, the band at 1647 cm ™! is enlarged with a side
contribution at 1620 cm™". It is noteworthy that a strong and sharp band
appears at 1385 cm ™! (which disappears after recycling). This results
from the interaction of carboxylate groups with Sc(IIl) (with proton
exchange) and/or formation of Nt (following the binding of Sc(IIl), and
relevant species) [85,86]. The band at 1335-1331 cm_l, which is
assigned to tertiary amine, is shifted to 1329 cm™! after scandium
binding. The band at 1244-1229 cm™! is attributed to the overtone of
in-plane 8p.oy vibration, while the out-of-plane 8p_oy vibration is found

close to 897-905 cm ™! [82]. After metal binding, the bands are shifted
toward 1263 and 893 cm™}, respectively. The vp—p vibration at
1036 cm™! shifts to 1040 cm™! at pH 4, while the sorption of Sc(III)
causes the shift of the band back to 1034 cm L. Cunha-Silva et al. [63]
identified the coordination of Nd(III) and Eu(III) with P-O moieties at
1157-1155 cm ™! (Up.ocoord..asym) and 1002-995 em™* (Up.ocoord. sym)-
Here, a shoulder appears after scandium binding at ~955 cm™!. The
band corresponding t0 Vp.ocoord.,asym appears at 1156 em™ ! for
MPOH-MBA/Sc(III). This band is shifted from 1161 cm ! for protonated
sorbent, while for pristine sorbent; the shoulder is hardly detectable
(appearing at 1151 cm™! for recycled sorbent). The multiplicity of
reactive groups offers different opportunities of interactions with Sc(III).
The major contributions concern carboxylate and phosphonate groups,
as indicated by the changes in FTIR spectra (amine groups are poorly
active, by comparison). The recycling of the sorbent changes the FTIR
spectrum of the sorbent, which is marked by (a) the weakening of the
bands at 1244 and 1543 crn’l, and (b) the widening of the band at
1335 cm ™. However, the spectrum is roughly restored.

The pHpy is found close to 4.8-4.9 (depending on the concentration



of the background salt, Figure S5). The strength and the density of acid
groups (carboxylic and phosphonic groups) counter-balance the alkaline
character of amine groups; this results in sorbent acidic behavior and
positively-charged surface in acidic solutions. In the case of magnetic
poly(glycidyl methacrylate) functionalized with iminodiphosphonate,
Galhoum [87] found a pHpy¢ value close to 4.52.

The elemental analysis of the sorbent shows strong density of amine
groups (N: 6.6%, 4.71 mmol N g~ 1) and phosphonate moieties (P: 9.0%,
2.91 mmol P g~ 1y (Table $3). Based on the structure of iminodi-
phosphonate (N:P = 1:2), nitrogen content assigned to IMDPA repre-
sents 1.45 mmol N g~ !; this means that 3.26 mmol N g~ ! come from
MBA skeleton (1.633 mmol MBA). The yield of substitution reaches
44.5% on IMDPA. The twice excess of IMDPA compared with MBA
means that the conversion reaches 89% (which is consistent with the
weight balance between reagents and products). The incomplete con-
version (in terms of mass balance) can be explained by the loss of pre-
cursors in the reactive phase. Szkudlarek et al. [76] investigated similar
mode of reaction between maleic anhydride and 4-methyl-1-pentene
(herein between MAn and MBA); the synthesis yielded 77%. They also
reported that when the anhydride is added in excess, the reaction
generally produces alternating copolymers. Teng et al. [88] synthesized
a sorbent by the reaction of MAn with acrylamide (and MBA as a
crosslinker). The Michael addition of amines to maleic anhydride has
been described by Gurjar et al. [89]: the reaction of amine groups pro-
ceeds directly on the maleic anhydride cycle (on the fourth position).
However, the reaction of maleic anhydride with acrylamide moieties of
MBA limits the contribution of direct reaction of imino group with MAn.

3.2. Sorption properties

3.2.1. Effect of pH

The pH critically influences the sorption properties through its
intrinsic effects on the protonation/deprotonation of reactive groups
(pHpgzc value, Figure S5) and metal speciation (Figure S6, under the
experimental conditionsof the study of pH effect). Fig. 2 shows the effect
of the pH on Sc(III) sorption at T: 21 +1 °C and 50 +1 °C, for low and
high Sc(III) concentrations (i.e., 2.31 and 11.0 mmol Sc L™ 1, respec-
tively; Fig. 2). The two series show the same “parallel” curves; the in-
crease in the temperature shifts the curves toward higher sorption

capacities: overall, the Sc(III) removal by MPOH-MBA is endothermic.
Obviously, increasing the concentration of Sc(IIl) increases metal sorp-
tion; however, the trends are consistent for the two systems. Indeed, at
pHeq 1.14-1.21 sorption is “limited” (qeq: varies between 0.37 and
0.58 mmol Sc g~1). The sorption capacity increases almost linearly with
the pH up to pHeq 4.16-4.30; while above this limit, geq tends to stabi-
lize; this is close to the value of pHpyc (i.e., 4.86 0.1). At pHeq ~ 4.9-5,
the sorption efficiency reaches 64% and 85% for Cy: 2.31 mmol Sc L' at
21 °C and 50 °C, respectively (while achieves 33% and 38%, respec-
tively, at Co: 11.4 mmol Sc L™1). With pH increase, the protonation of
reactive groups continuously decreases (up to pHpzc value), which
progressively limits the cationic repulsion effect. Indeed, most of scan-
dium (>80%) is present under cationic sulfate form (i.e., Sc(SO™M).
Sorption proceeds essentially on phosphonate and carboxylate groups
by chelation and proton exchange. The weak sorption observed at pH
1-2 may involve the binding of the anionic form (i.e., Sc(SO4)3, repre-
senting 13-8%), through anion exchange on protonated amine groups.
The stabilization at pH superior to 4.5-5 may be explained by the
complete deprotonation of reactive groups and by the progressive
decrease of the concentration of absorbable species (Sc(SO4)™), which is
replaced with hydrolyzed cations (i.e., Sc(OH)*", Sc(OH)3 and the
polynuclear form Scy(OH)

In Figure S7a, the distribution ratio (D, L g’l) is plotted (as logio
plot) against equilibrium pH. The plot is almost linear between pHeq
~1.1 and ~4 with a slope that varies between 0.39 and 0.51 (depending
on the system —i.e., Cg and T), meaning that the sorption of one mole of
sorbate is associated with the release of two moles of protons (assuming
that ion-exchange mechanism is involved in Sc(III) binding). On the
other hand, contrary to this hypothesis, the pH variation during sorption
(appearing in Figure S7b) shows that the pH slightly increases (by less
than 0.3 pH unit) up to ~4.5, while above this limit value the equilib-
rium pH tends to decrease (by less than 0.2 pH unit). The boundary pH
limit is again close to the pH ( value. This contradictory trend probably
means that the sorption process involves complex mechanism (based on
contributions of ion-exchange/electrostatic attraction and chelation
mechanisms). To prevent metal precipitation, which may occur at high
metal concentration and at pH close to 5.7, further experiments are
performed at pH 4.

The pH increases and the slope value for the log; D plot against pHeq
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Fig. 2. Effect of pH on the sorption of Sc(III) using MPOH-MBA (Co: 2.31 or 11.2 mmol Sc L1 T: 21 +1 °C or 50 1 °C; Sorbent dose, SD: 0.67 g L7!; time: 48 h;

v- 210 rpm).



(closed to 0.4-0.5), may be explained by the release of 2 protons per Sc
bound considering both ion-exchange (anion exchange at acidic pH) and
chelation (cation binding at mild pH) mechanisms, through the con-
version of tertiary amine to quaternary ammonium (identified by FTIR
spectrometry).

In the case of Sc(Ill) sorption by ion-imprinted magnetic nano-
composite bentonite (bearing phosphonate groups, in chitosan/
bentonite matrix), Wang et al. [90] reported a sigmoidal trend for the
effect of the pH with negligible sorption below pH 3 and a maximum
sorption at pH close to 5 (with stabilization above). In this case, the
pHpzc was close to 2.5-2.7; scandium predominant forms were hydro-
lyzed species (under selected experimental conditions). Salman et al.
[91] functionalized magnetic SiO, nanoparticles with either amine and
carboxyl groups (as EDTA, ethylenediaminetetraacetic acid): they
showed that Sc(III) form with EDTA moieties non-covalent interactions;
consistently with Ramasamy et al. [47], they report the enhancement of
metal complexation with pH increase (maximum at pH ~5).

3.2.2. Uptake kinetics

Under selected experimental conditions (pHo: 4; SD: 0.66 g L™ 1, Co:
2.28 and11.0 mmol ScL™ !, and at T: 21 °C and 50 °C), the equilibrium is
reached within 20-30 min (Fig. 3). This may be easily explained by the
small size of sorbent particles (i.e., ~7.5 um). The sorption occurs first at
the surface of the sorbent and the diffusion pathway to reach the center
of sorbent particles, which is short enough to promote fast sorption. This
may be explained by favorable textural properties of MPOH-MBA (i.e.,
Sger: 51 m? g~ 1; pore size: 143-170 A). It is noteworthy that the profiles
are “parallel” for the two couples of kinetics: the temperature and the
concentration logically affect the equilibrium concentration (and sorp-
tion capacity) but not the overall kinetic profiles. These kinetics are
consistent with the profiles obtained with sulfonated alginate/PEI beads
(though using here higher sorbent dose) [40]. Apparently, higher con-
tact times are required for Sc(III) sorption onto functionalized magnetic
SiO, sorbent [91]; however, different experimental conditions make
complex the direct comparison of equilibrium times. Bao et al. [92]
compared the kinetic profiles of a series of synthetic resins bearing
aminomethyl-phosphonic acid (TP 260), iminodiacetic acid (TP 209),
and bis-(2,4,4-trimethylpentyl)-phosphinic acid (TP 272) at pH 2.5.
Despite lower Sc concentration and higher sorbent dose, the equilibrium
times were much higher (i.e., 10-48 h); this is due to larger particle sizes

(0.63 mm-1.6 mm) which may contribute to these slower profiles.

Sorption kinetics may be controlled by different mechanisms of
resistance to diffusion (including bulk, film, and intraparticle diffusion),
in addition to the proper reaction rate (which can be approached by
PFORE and PSORE). Relevant models have been tested for fitting
experimental profiles (Table S1a), Table 1 summarizes the parameters of
the models (with statistical indicators). Both the values of determination
coefficient (i.e., R?) and Akaike Information Criterion (i.e., AIC)
demonstrate that the best fits are obtained with the pseudo-first order
rate equation (PFORE). In Fig. 3, the solid lines represent the fits of
experimental profiles with the PFORE (using parameters reported in
Table 1). The most difficult to simulate section is found in the region
close to 15 min of contact, that corresponds to the higher curvature of
kinetic curves. The fittings of experimental points by the PSORE and the
RIDE (for resistance to intraparticle diffusion) are reported in Figure S8.
This preference is corroborated by the values of calculated sorption
capacities at equilibrium, which are closer to the experimental values:
the PFORE overestimates experimental data by 2.4-4.2% (i.e., much
lower than the discrepancies observed with PSORE: 14-20%). As ex-
pected, increasing the concentration (from 2.28 to 11.0 mmol Sc L’l),
enhances sorption capacity at equilibrium by 2.45 and 2.23 folds at T: 21
°C and 50 °C, respectively. As expected, temperature also promotes the
equilibrium sorption capacity (+33% and +21% at Cy: 2.31 and
11.0 mmol Sc L’l, respectively). The apparent rate coefficient (i.e., k;)
varies with experimental conditions in a limited interval: from 6.40 to
9.55 x 10"2 min~!. Both metal concentration and temperature slightly
increase k; values (by less than 1.5-fold). This is consistent with the
observation of concentration profiles in Fig. 3. The value of k; for Sc(III)
onto EDTA-functionalized magnetic silica was lower (i.e., 0.92 x 1072
min~1) than the value obtained with MPOH-MBA [91]. On the other
hand, in this system, the PSORE gave a better fit of experimental profile.
Similarly, Bao et al. [92] reported the better simulation of kinetic pro-
files with the PSORE for Sc(III) sorption onto a series of industrial resins
(TP 260, TP 209, and TP 272) compared with PFORE: k, varied between
3.1 x 102 and 8.7 x 1072 gmmol™! min™! (1.72-3.38 x 1072
g mmol~! min~! for MPOH-MBA). The k; values were about one order
of magnitude lower than for MPOH-MBA (in the range 0.92 x 1072 —
3.45 x 103 min~ ).

Figure S8 confirms data reported in Table 1: the RIDE fails to
correctly fit the profiles. However, it can be used for making a rough
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Fig. 3. Sc(Il) uptake kinetics using MPOH-MBA for different initial concentrations and different temperatures — Modeling with the pseudo-first order rate equation
(pHg: 4.0; Co: 2.28 or 11.0 mmol Sc L™%; T: 21 +1 °C or 50 +1 °C; SD: 0.66 g L™}; v- 210 rpm).



Table 1

Modeling of Sc(III) uptake kinetics using MPOH-MBA - Parameters of the models.

Temperature
21 £1 °C 50 +1 °C
Modeling Co (mmol Sc L™1) Co (mmol Sc L™Y)
Model Parameter Unit 2.28 11.0 2.28 11.0
Experimental Qeg,exp. mmol Sc g’l 2.16 5.29 2.87 6.39
PFORE Qeq1 mmol Sc g~* 2.25 5.46 2.99 6.54
ki x 102 min~? 7.00 8.07 6.40 9.55
R? 0.966 0.975 0.978 0.982
AIC -88 -114 -87 -114
PSORE Qeq,2 mmol Sc g1 2.59 6.18 3.44 7.32
ky x 10% g mmol ! min~?! 3.38 1.72 2.31 1.79
R? 0.920 0.934 0.939 0.939
AIC -76 -101 =72 -97
RIDE De x 10"3 m?* min 1.23 2.13 0.60 2.31
R? 0.927 0.951 0.937 0.957
AIC -76 -104 -69 -101

evaluation of the order of magnitude of the effective diffusivity coeffi-
cient (D, m? min~): D, varies between 0.60 x 107 m? min~! and 2.3
x 10713 m? min~; this is 5 orders of magnitude lower than the free
diffusivity of Sc(Ill) in water (i.e., 3.44 x 10713 m? min’l, [93]). This
result confirms that the resistance to intraparticle diffusion cannot be
neglected. The control of sorption kinetics involves contribution of the
proper reaction rate (associated with the PFORE), the resistance to
intraparticle diffusion (simulated by the RIDE), and probably other
mechanism of resistance to diffusion (such as film diffusion to explain
the failure of fits at contact time close to 15 min).

3.2.3. Sorption isotherms

The sorption isotherms (which represent the distribution of the so-
lute at equilibrium between solid and liquid phase, for different con-
centrations) are compared under the same experimental conditions (i.e.,
at pHy 4, SD: 0.6 g L™1) at two different temperatures (Fig. 4).

The curves are characterized by the progressive increase of the
sorption capacity when the concentration increases up to Ceq: 4-6 mmol
Sc L™, before stabilizing. The final plateau corresponds to the saturation
of the sorbent. Consistently with the endothermic behavior already re-
ported, both the saturation plateau and the initial slope of the curve
(which is proportional to the Langmuir affinity coefficient) increase with
the temperature. Hence, the maximum experimental sorption capacity
increases from 5.34 to 6.50 mmol Sc g’1 (from 21 °C to 50 °C).

Five models were tested for fitting sorption isotherms (see
Table S1b). The statistical parameters (R2 and AIC, in Table 2) clearly
demonstrate that these models can be ranked according: Langmuir >
Sips > Freundlich ~ Dubinin-Radushkevich > Temkin. The Langmuir
model (based on mechanistic approach) supposes that the sorption oc-
curs as a monolayer with homogeneous distribution of sorption energies
at the surface of the sorbent and without interaction between sorbed
molecules. The empiric Freundlich equation assumes the sorption to be
heterogeneous with possible interactions between sorbed molecules.
The Sips equation introduces a supplementary third-adjustable param-
eter (by the combination of Langmuir and Freundlich equations). This
model loses the physical dimension described in the Langmuir equation.
Using three adjustable parameters is supposed improving the quality of
mathematical fit; however, the calculation of the AIC (which considers
the number of adjustable parameters) allows more accurate comparison
of the quality of the fits. In Fig. 4, the sorption isotherms are plotted with
superposition of Langmuir and Sips curves: these two panels show that
the two models are highly qualitative in describing experimental pro-
files. The Langmuir model overestimates the maximum sorption ca-
pacity gm1 (by 22% at T: 21 °C and 10% at T: 50 °C), while the
calculated qm s values (for Sips equation) are even more overestimated
(by 38% and 12%, respectively). The Langmuir affinity coefficient (i.e.,
by, L mmol 1) is more than doubled when increasing the temperature:

this is another proof of the endothermic character of Sc(III) sorption on
MPOH-MBA.

Table S4 compares the Sc(IIl) sorption properties of a series of sor-
bents. The comparison of the different systems is made difficult by
different experimental conditions (especially working pH). Solvent
impregnated resins showed interesting application for acidic effluents
[55,57] (at pH close to 1; despite slow kinetics limited by resistance to
intraparticle diffusion, the weak sorption capacity is compensated by
strong affinity coefficient). In intermediary acid regions (pH 2.5-3),
extractant impregnated resin showed good sorption capacity (qm,:
1.71 mmol Sc g’l, with good affinity, by: 45 L mmol’l, and equilibrium
reached in 720 min) [92]. TP 260 aminomethyl phosphonic resin
exhibited fast sorption (=90 min) with limited sorption capacity (about
0.244 mmol Sc g_l) but remarkable affinity (i.e., 495 L mmol ™). In the
mild acid region (pH 4-5), some sorbents such as quaternized algal/PEIL
beads [86] and sulfonic-functionalized algal/PEI beads [40] reached
excellent sorption capacities (qm,1: 4.00-3.16 mmol Sc g~ 1) with rela-
tively fast process (40-90 min for equilibrium time) but low affinity
coefficients (by: 1.26-0.56 L mmol ). However, MPOH-MBA demon-
strates much higher global performances with sorption capacity as high
as 6.5 mmol Sc g~?, fast kinetics (~30 min). This level of sorption is
comparable to the capacity reached at pH 5.5 using (NH4)>TiOF4 par-
ticles (i.e., up to 6 mmol Sc LY [29]. The main drawback of
MPOH-MBA  concerns the weak affinity coefficient (by:
0.677 Lmmol™Y). However, according to these first criteria,
MPOH-MBA reveals a very promising sorbent for the removal of Sc(III)
from mild acidic solutions.

3.2.4. Sorption mechanism

Considering the effect of pH (including optimal pH range, pH vari-
ation during sorption, and metal speciation), FTIR analysis (which
showed the main contributions of carboxylate groups and phosphonate
moieties in the binding of Sc(IIl), considered a hard acid). Tertiary
amine groups (brought by iminodi(methylphosphonic acid) precursor)
probably play a minor role in Sc(III) uptake due to steric hindrance ef-
fects. In addition, amine groups being considered intermediate base
according “hard and soft acid and base” principles (HSAB, [94]) are
expected to be less reactive for the binding of hard acids (such as Sc(III)),
contrary to O-bearing ligands (such as carboxylate and phosphonate
groups). The main reactivity of tertiary amine groups concerns, in acidic
solution, the anion exchange of anionic scandium species on protonated
reactive groups.

3.2.5. Selectivity

The selectivity of the sorbent for target metal is also a critical crite-
rion for the treatment of real and complex effluents (which may contain
a wide diversity of metals, whatever the source of effluent: leachate of
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Fig. 4. Sc(Ill) sorption isotherms using MPOH-MBA for different temperatures — Modeling with the Langmuir (a) and Sips (b) equations (pHy: 4.0; Co: 0-11.0 mmol
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ore or waste, mining residue, red mud). In order to evaluate the capacity
of MPOH-MBA sorbent to recover Sc(Ill) from complex solution and
optimize recovery processing, sorption tests are performed at different
pH values using equimolar multi-metal solutions. For this purpose,
selected competitor metals include alkali-earth metals (i.e., Ca(Il) and
Mg(ID)), transition metals (Fe(III) and Zn(II)), post-transition metal from

boron group (i.e. Al(III)), LREEs (i.e., light REE: La(IlI) and Ce(IID)). It is
noteworthy that Sc(III) is formally a transition metal but it is commonly
considered a member of the REE family, and more specifically a HREE
(heavy REE), based on its physicochemical characteristics (ionic size,
etc., Table S5). Both divalent and trivalent cations are present at the
same concentration (i.e., 1 =+0.1 mol L’l). Figure S9 shows the



Table 2

Modeling of Sc(IIl) sorption isotherms using MPOH-MBA - Parameters of the
models.

Modeling Temperature (°C)
Model Parameter Unit 21 +1 50 +£1
Experimental Qm,exp. mmol Sc g~* 5.34 6.50
Langmuir QmL mmol Sc g~* 6.50 7.17
by, L mmol ! 0.677 1.54
R? - 0.993 0.992
AIC - 29 27
Freundlich kg mmol !/ 1/ g1 2.59 3.73
n - 2.53 2.96
R? - 0.980 0.960
AIC - -22 9
Sips Qms mmol Sc g~ 7.35 7.31
bg LM mmol 1/ 0.561 1.44
ns - 1.21 1.05
R? - 0.991 0.992
AIC - 26 23
Temkin At L mmol ! 45.7 50.9
br J kg~ ! mol 2 2860 2419
E kJ mol ™! 0.535 0.372
R? - 0.921 0.962
AIC - -7 -10
D-R ao-r mmol g~! 5.21 6.28
bpr x 10° mol? kJ 2 23.1 7.34
Epr kJ mol ! 2.079 3.69
R? - 0.976 0.983
AIC - -15 17

distribution of selected metals in the frame of covalent index (CI = XlzTl X
1) vs. ionic index (I = z2 / 1) [95]. Most of these metals are classified as
hard acids (or remain close to the frontier between hard acids (class A)
and intermediate metals). According to the HSAB principles (Hard and
Soft Acid and Base theory, [94]), hard acids prefer reacting with hard
bases (meaning ligands bearing O-donor atoms, such as carboxylate and
phosphonate, present in MPOH-MBA).

The comparison is performed through the selectivity coefficient
(SCsc/metal, Fig. 5), the distribution ratio (Dpetal, Figure S10), and the
relative fraction of the different metals in the sorbent at equilibrium
(Figure S11). The distribution ratios systematically increase with the pH
of the solution (regardless of metal ion) (Figure S10). The ranking of the
D values shows that MPOH-MBA has a marked preference for Sc(III)
against:

La(IIl) > Ce(IIl) > Fe(Ill) > Al(II)> Mg(I) > Ca(Il) > Zn(II) 2)

At pH 4.91, the distribution ratio reaches 2.78 for Sc(III), while it
drops to 1.08 for La(IIl) and 0.71 for Ce(III). This is qualitatively illus-
trated in Figure S9 by the increasing size of the distribution ratio: the
largest bubbles correspond to trivalent cations, with a marked prefer-
ence for REEs (D ranges between 0.71 for Ce(III) and up to 2.78 for Sc
(IID)); on the other hand, for divalent cations, D varies between 0.12 and
0.18 L gL. Giret el al. [49] compared different types of mesoporous
silica for Sc(IIl) sorption in the presence of AI(III) and Fe(Ill), which
were also significantly adsorbed (though the distribution ratios were
significantly lower than for Sc(III)) and other REEs (with very low D
values): the mesoporous silica particles are highly selective of Sc(IIl). In
the case of TP 260 (aminomethyl phosphonic resin), the sorbent
exhibited a significant selectivity coefficient for Sc(III) against Al(III)
(up to 6) but moderate preference against Fe(III) (SCs¢/re ~1.32) [92].
Much higher selectivity coefficients were reported against Fe(III)
(SCsc/re ~229.4) and AI(III) (SCsc/a1 ~131) with TP 272 (bis(2,4,4-tri-
methylpentyl) phosphinic acid resin). The change in the experimental
conditions may affect the SC values; a direct comparison with other
systems may be difficult. Herein, in Fig. 5a, the selectivity coefficient
increases with the pH and according the sequence in Eq. 2. Notably,
under optimum pH condition, the SCs¢/metal Values range between 13
and 22 for AI(III) < Mg(II) < Ca(II) < Zn(Il), meaning strong selectivity
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Fig. 5. Sc(Ill) (a) and La(Ill) (b) sorption from multi-component equimolar
solutions — Selectivity coefficients vs. equilibrium pH (Co: 1 mmol L™!; SD:
1 gL’l; time: 24 h; v- 210 rpm; SCscsc = 1 and SCraa = 1, as rele-
vant references).

against these metals. MPOH-MBA has lower separation properties
against Fe(Ill) (~6), Ce(III) (~3.9), and La(IIl) (~2.6). The ANOVA tests
(not shown) on the effects of both the type of competitor metal and the
pH on the SCgc/metal Show that the differences are statistically significant
(at the 0.05 significance level for the F distribution, [48]). Fig. 5b offers
an alternative vision of the selectivity issue: the selectivity coefficient
SCLa/metal is more than halved (compared with Sc selectivity).

The cumulative sorption capacity logically increases with pH
(Table S6). At pHeq 4.22 (which corresponds to the working pH for the
study of sorption isotherms), the cumulative sorption capacity reaches a
value close to 2.37 mmol g’l (Ceq,Total: 5.98 mmol L~1). For mono-
component synthetic solution, the sorption isotherm shows a sorption
capacity close to 5.2 mmol Sc g~! for the same residual concentration;
this means that antagonist competition reduces the global sorption
performance. The preference of MPOH-MBA for rare earths is clearly
illustrated by Figure S11. While at pHeq 1.08, the sorption of Sc(III), La
(I11), and Ce(III) represent 43% (a little more than their relative fraction
in the initial solution; i.e., 37.5%), when the pH exceeds 3, the REEs are
concentrated in the sorbent: they represent about 67% of the total
amount of bound metals.

Apparently, MPOH-MBA has a marked preference for trivalent metal
ions against divalent metal ions. This result is consistent with the ob-
servations reported by Thapa et al. [96] in the case of bisphosphonate
derivatives of SiOo: the sorption were directly proportional to the ionic
charge of co-existent metal ions. In addition, MPOH-MBA shows higher
affinity for REEs (which have a tricapped trigonal prism configuration)
against trivalent base metals (octahedral configuration). Despite their
similar chemical properties (as Lewis acidity and atomic size), Thapa
et al. [96] reported the higher selectivity for Sc(IIl) against trivalent
cations (Al3+ and Fe3+); they correlated this behavior with lower



hydration enthalpy (AGpyq,). Indeed, low AGpyy, values favor the
dehydration step (prior to metal binding on sorption sites). In Table S5,

AGpyq, varies between — 752 and — 907 kcal mol™ 1 for studied REEs,

while for trivalent cations, the value ranges between — 1019 and
—1082 kecal g‘l. The small ionic size of Sc(III) (i.e., 0.87 A, [97]) vs. La
(I11) and Ce(III) (1.216 and 1.196 A) probably contributes to the higher
selectivity of MPOH-MBA for scandium against other REEs; however,
this preference may be also correlated with the differences in softness
parameter (-0.52 vs. —0.75 and —0.72 for Sc(IIl), La(Ill) and Ce(IIL),
respectively, [93]). Within REE’s family, sorption is favored by small
radius and high electronegativity (and high pKs and low pK,): Sc >> La
> Ce.

Among trivalent transition metals (not considering REEs), D in-
creases with higher electronegativity and higher radius, higher covalent
index (an/r) and lower ionic index (z2/1): Fe > Al

For divalent heavy metals, it was not possible establishing clear
correlation between D and physicochemical criteria: Mg ~ Ca > Zn.
However, consistently with Thapa et al. [96], the distribution ratios are
strictly lower for Mg(II), Ca(II), and Zn(II), because of the ionic charge.

3.3. Metal desorption and sorbent recycling

The effective evaluation of a new sorbent also requires character-
izing (a) the capacity of the metal to be desorbed from loaded material,
and (b) the possibility to re-use the sorbent for successive cycles. The
sensitivity of metal sorption to pH gives a first orientation for the se-
lection of desorption conditions: the binding of the metal may be
reversed using acidic solutions. Zhao et al. [50] used sulfuric acid so-
lution for eluting Sc(Ill) from aminocarbonylmethyl glycine: they
showed that desorption efficiency increases with H;SO4 concentration
(achieving total scandium release for 1 M concentration). This eluent
was also very efficient for maintaining good stability at recycling. In the
case of supported ionic liquid phase (SILP, on synthetic polymer sup-
port), Avdibegovi¢ et al. [45] compared the effect of acid concentration
on the desorption of Sc(Ill): they also reported the good efficiency of
sulfuric acid, and highlighted the necessity to use relatively concen-
trated solutions (i.e., 1 M). Sulfuric acid solution (2 M) was also used by
Sharaf et al. [35] for eluting Sc(III) from binary-extractant (containing
carboxylic acid and phosphonic-based organic phases) impregnated
resin. Hamza et al. [40] used hydrochloric acid solution (0.2 M),
completed with CaCly, (0.5M) for Sc(Il) release from
sulfonic-functionalized algal/PEI beads (calcium chloride serving for the
stabilization of algal compartment). In the study of Sc(IIl) separation
from uranium leachates using Tulsion CH 93 (amino methyl phosphoric
resin), Smirnov et al. [44] investigated alkaline and neutral solutions
and found the best results for a mixture of NaySO4 and NayCOs.
Artiushenko et al. [34] highlighted the interest of ligands for the elution
of REEs from aminodiphosphonic acid-SiO, hybrids: ligands like EDTA
require much lower concentrations than acidic solutions. Herein,
desorption is processed with 0.3 M HCI solution. Figure S12 shows the
kinetics of desorption for the different systems (T: 21/50 °C and Cg:
2.31/11.0 mmol Sc L™}, for loading conditions). The kinetics profiles are
very close, though the desorption efficiency is generally little better for
the sorbents loaded with lower Sc(III) amounts. In any case, scandium is
totally eluted in 15-20 min with Co: 2.31 mmol Sc L™} samples, and
20-25 min for higher loading. Metal desorption is as fast as sorption.

Table 3 compares the sorption and desorption efficiencies for five
successive cycles. It is noteworthy that scandium is totally desorbed at
each step. On the other side, the stability in sorption efficiency (around
63% for selected experimental conditions) is remarkable: the loss be-
tween 1°t and 5% cycle remains below 1.5%. This is consistent with the
stability observed in FTIR spectra: the spectrum of the sorbent after
being exposed to 5 cycles is very close to the spectrum of the pristine
sorbent (Fig. 1, and Section 3.1.2.). These results demonstrate that
MPOH-MBA has promising properties not only in terms of Sc(IIl)
removal (kinetics and maximum sorption capacities) but also associated

Table 3
Sorbent recycling — Sorption and desorption efficiencies (SE and DE, %) for five
successive cycles of sorption/desorption.

Cycle SE (%) DE (%)

1 63.9 +£0.6 100.1 £0.0
2 63.7 £0.5 100.2 +0.0
3 63.4 £0.7 99.9 +0.0
4 63.3 £0.7 100.2 +£0.5
5 63.0 +£0.7 100.2 £0.3
Loss at the 5th cycle <1.5% Negligible

Experimental conditions — Sorption: C0, 2.31 mmol Sc L-1, SD, 0.660 g L™!; pHO
4; time, 24 h; Desorption: 0.3 M HCl solution; SD, 2 g L% time, 2 h; v, 210 rpm.

with remarkable stability. The concentration effect between sorption
and desorption steps is limited to a factor 3 (considering the respective
sorbent dose in the sorption and desorption steps; i.e., 0.66 g L™ and
2 g L7}, respectively). This parameter would deserve complementary
study to evaluate the optimum dose in the desorption step for achieving
complete desorption with highest concentration effect.

3.4. Application to red mud

3.4.1. Effect of pH control — Precipitation issues

The red mud effluent (collected in the industrial site) is characterized
by a very acidic pH (“negative” value). The composition of this raw
effluent is reported in Table S2. The major elements are: Fe(IIl)
(139 mmol Fe L™1), AI(IIT) (16.4 mmol Al L™1), and Si (1.11 mmol Si
L. Scandium represents up to 0.245 mmol Sc L1 (almost identical to
Zn concentration), while traces of Ce(III), Zr(IV), and Mo(VI) are also
detected (in the range 0.022-0.093 mmol L’l).

A first treatment consisted in adjusting the pH to 1.01: the concen-
trations are hardly affected, as appearing in Table S2. The table also
illustrates the large molar excess of major elements compared with Sc
(IID). Similar conclusion can be deduced at pHeq 2.99: molar excesses are
of the same orders of magnitude (despite the precipitation effects, which
represent metal losses between 9% and 20%). The precipitation
dramatically increases when pHeq raises to 4.98. Most of iron pre-
cipitates (about 98%) with possible co-precipitation and/or entrapment
of other metals including AI(III) (loss ~80%), while the abatement of
other metals varies between 42% and 54%, and up to 60% for Sc(III).

3.4.2. Metal recovery from pre-treated effluents — Sorption onto MPOH-
MBA

The sorption efficiencies are compared in Fig. 6. For trace metals, the
sorption efficiencies reach up to 85% for Sc(III), 67% for Ce(III), 64% for
Mo(VI), or 50% for Zr(IV), at pHeq 4.16. The sorption capacities for
selected metal ions are reported in function of equilibrium pH in

pH,, 76.2
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Fig. 6. Comparison of sorption efficiency (SE, %) for the different target metals
from acid leachate of red mud in function of pHeq (SD: 1 g L™'; time: 24 h; v-
210 rpm; T: 21 +1 °C).



Figure S13. The highest sorption capacities are obtained at pHeq 4.22;
indeed, the strong precipitation occurring at higher pH reduces the ef-
ficiency of the process (due to the reduction of the effective metal
concentration). The large excess of major elements (i.e., Fe(Ill) and Al
(II)) naturally correlates with their high sorption capacities
(Figure S13a). Figure S13b focuses on the sorption capacities of minor
elements: sorption levels remain close to 0.12 mmol Sc g~ 1, 0.17 mmol
Si g~ !, and 0.045 mmol Zn g~ ! (other elements exhibit negligible up-
take). The comparison of sorption performances may be carried out
using other indicators such as sorption efficiency to modulate the effect
of the large excess of major elements. The concentration factor (X-factor
as the ratio between sorption capacity and initial metal concentration,
Figure S14a) and the SCs¢/metal (Figure S14b) show complementary
analysis of sorption and separation properties of MPOH-MBA in the
treatment of acid leachate of red mud. Logically, the highest concen-
trating effects are obtained for minor elements: up to 5.7-folds for Sc
(II). The enrichment s reduced for other minor elements notnecessarily
at the same pHeq (i.e., 4.16); indeed, for Mo(VI), Zr(IV), Zn(II), and Ce
(IID) it is necessary rising the pHeq to 4.89, but the X-factor remain below
3. The selectivity coefficient reflects in Figures S14b the correlation
between huge excess of competitor metal and high SCsc/meta Values (this
derives intrinsically from the SC formula). Obviously, these conditions
do not allow reaching meaningful conclusions compared with experi-
ments performed with equimolar concentrations (Section 3.2.5.).
However, it may be interesting to observe that the highest SCs/pe (i.€.;
92) is reached at pHeq 3.15, other elements are separated more effi-
ciently at pHeq 4.16 with SC values reaching 31 for Al(IID), 19 for Si(IV),
14 for Zn(II), and much lower values (below 6) for the other metals.

Meanwhile, the cumulative sorption capacities reach a maximum
(close to 4 mmol g~ 1) at PHeq 4.16. The cumulative sorption is directly
influenced by the strong sorption of Fe(III) and Al(III), which represent
between 85% and 93% of total sorption (depending on pH). This means
that despite the relative preference of MPOH-MBA for Sc(III) (and other
REEs), the presence of a huge excess of competitor transition metal ions
strongly depreciates the efficiency of the sorbent for valuable critical
metals. This limiting effect may be overexpressed by the impact of huge
concentrations of counter anions. Making the best use of the outstanding
qualities of MPOH-MBA would require pre-treating the effluent to
modulate the huge excess of trivalent heavy cations.

The sorption properties of MPOH-MBA were compared with those of
Q-APEI (algal/polyethyleneimine beads functionalized with quaternary
amine groups, [86]) and S-APEI (algal/polyethyleneimine beads func-
tionalized with sulfonic acid groups, [40]). The same effluent (red mud
leachate) was processed in the same experimental conditions.
Figure S15 compares the SCsc/metal Values (at different equilibrium pH)
for the three sorbents. The three sorbents show roughly similar trends:
(a) higher selectivity coefficients against Fe(III) and Al(III) (major ele-
ments), (b) poor selectivity against Ce(Ill), Mo(VI), and Zr(IV). The
sorbent having the lowest selectivity is Q-APEI (lower values of Sc co-
efficients); this is probably due to the predominance of weak base
reactive groups. the loss is selectivity is mainly observed against Fe, Al,
Zn and Si. S-A; PEI sorbent shows an intermediary selectivity: the pres-
ence of sulfonic groups may explain the better separation properties of
the sorbent compared with Q-APEL Despite the slightly higher values of
SCs/re for S-A PEI, MPOH-MPA globally shows better selectivity than
S-based sorbent for the other metal ions. The diversity and density of
O-donor ligands (especially phosphonate ligands) contributes to the
preferential sorption of rare earth elements (Sc and Ce) than alternative
materials. Figure S16 offers an alternative visualization of this com-
parison. The Figure individually compares MPOH-MBA with Q-APEIL
(Figure S16a) and with S-APEI (Figure S16b) by the plot of SC values for
MPOH-MBA vs. relevant values for the alternate sorbent (SCsc/me-
tal(MPOH-MBA)/ SCs¢/Metal(SOrbent)) at different pH values for the
different metals (or metalloid). The comparison of the figures clearly
shows that sorbents can be globally ranked according to: MPOH-MBA >
S-A;PEI >> Q-APEI This ranking may be moderated by the pH value

and the type of metal: Table S8 reports the optimum pH conditions for
highest SCsc/metal Values for the three sorbents. MPOH-MBA allows
reaching the highest separation of Sc from Si, Fe, Al, and Zn, while
Q-APEI is slightly better for the separation of Sc from Zr and Ce, and
S-A;PEI reaches the highest selectivity against Mo. In any case,
MPOH-MBA offers a good compromise while considering the complete
series of metals (and metalloid), working at pHy: 4.

The comparison of separation properties in the treatment of red mud
leachates with data collected in the literature is made complex by the
diversity in the composition of these solutions and/or the pre-treatment
applied to these effluents. Table S7 summarizes some examples of results
recently published in the treatment of red mud effluents. The results
collected for MPOH-MBA are consistent with those referring to sorption
systems. However, the best efficiency and selective separation perfor-
mances were observed for systems involving dual treatments (i.e., sol-
vent extraction and sorption). The complexity of the effluents and the
huge excess of competitor trivalent metal cations (especially) requires
combining complementary processes involving “positive” extraction (Sc
recovery) and “negative” extraction (specific recovery of competitor
ions). These results represent a first step in the design of a competitive
process; at this stage they should be considered as a tool to complete the
study of selective sorption (initiated on synthetic equimolar multicom-
ponent solutions, at Section 3.2.5).

4. Conclusion

The valorization of secondary sources (such as red mud, low con-
centration effluents and leachates) is of critical importance for the re-
covery of valuable REEs, including scandium. One of the important
challenges with this kind of effluent is the selective separation of valu-
able metals. The easy one-pot synthesis of MPOH-MBA reveals a
promising method for producing of sorbent with outstanding sorption
properties: (a) high sorption capacity (up to 5.34 mmol Sc g~1) at mild
acidic pH values (i.e., pH 4), (b) fast kinetics (equilibrium reached) in
20-30 min, (c) with good selectivity (compared to available literature),
and (d) high capacity to be regenerated (with moderate acid solutions —
0.3 M HCl) and reused (negligible loss in sorption after 5 cycles). The
coexistence of O-bearing groups (carboxylate and phosphonate) and N-
bearing groups (tertiary amines) reveals favorable for reaching such
remarkable properties. This new material opens promising perspectives
compared with previous sorbents, as appearing in the comparison of
sorption properties (including maximum sorption capacity, affinity co-
efficient or kinetic criteria), and selectivity issues. The investigation of
selective sorption was investigated in a dual approach: (a) evaluation of
selectivity issue at different pH values with equimolar multicomponent
solutions, and (b) for the treatment of a real effluent (generated by the
acidic leaching of red mud). MPOH-MBA shows a marked preference for
trivalent cations including REEs, Fe(Ill) and Al(IIl) against divalent
cations. Among trivalent cations, REEs are preferentially sorbed, and
scandium (which is classified among the heavy REEs) is even preferred
to Ce(III) and NA(III)). This preference is correlated to the smaller ionic
size of Sc(IIl) and its higher electronegativity. Applied to acidic leachate
of red mud, MPOH-MBA allows recovery Sc(III) and Ce(III) with good
efficiency (up to 80-85%) at moderate pH (i.e., pHeq 4.16). However,
the huge excess of major elements (such as Fe and Al — 100- to 80-folds
after precipitation at pH close to 5) limits the selectivity of the process.
The valorization of the Sc(III) from this complex effluent will require
combining different processes such as selective precipitation, and/or
complementary solvent extraction process.

The outstanding Sc sorption properties of MPOH-MBA opens prom-
ising perspectives for the recovery of the metal in mild acidic conditions.
However, these properties are based on batch investigations at small
Lab-scale. The real promises should be evaluated at a larger scale in
dynamic mode. This step in the evaluation of the sorbent requires
experimenting fixed-bed columns or continuously stirred tank reactors.
The small size of sorbent particles clearly favors the fast kinetics



reported in the study. However, this small size represents a critical
drawback for application in fixed-bed columns (for head loss pressure
and/or blockage) and agitated reactor at large scale (for solid/liquid
separation). Obviously, the conditioning of the sorbent will be a
necessary step for developing large scale application. There are different
strategies that may be applied for facilitating the processing of these
materials, including: (a) the incorporation of magnetite nanoparticles
(for easy magnetic separation) [98], (b) the incorporation of porous
material or deposition of the polymer on a porous sorbent [50], (c) the
agglomeration of particles [50], (d) the shaping and spherization of the
sorbent [99]. Obviously, the addition of charge into the sorbent (mag-
netic, porous support) presents some advantages but also some draw-
backs (decrease in the volumetric density of reactive groups). The
agglomeration of particles may also introduce some critical limitations
to diffusion. Therefore, the shaping and conditioning of the material is a
critical step in the final design of the sorbent as a compromise between
high volumetric density of functional groups and availability and/or
accessibility of reactive groups (for kinetic performance).
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