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ABSTRACT: Separating the rare earth elements (REEs) in an economically and environmentally sustainable manner is
one of the most pressing technological issues of our time. Herein, a series of preorganized bidentate phthaloyl diamide
(PA) ligands were synthesized and grafted on large-pore 3-dimensional (3-D) KIT-6 mesoporous silica. The synthesized
sorbents were fully characterized by N, physisorption, FT-IR, 3C cross polarization (CP) and 2%Si magic-angle spinning
(MAS) NMR, thermogravimetric analysis-differential thermal analysis (TGA-DTA), and elemental analysis. Overall, the
grafting of PA-type ligands was found to have significantly improved the extraction performance of the sorbents towards
REEs compared to the homogeneous analogues. Specifically, the sorbent modified with the 1,2-phtaloyl ligand shows high
preference over lanthanides with smaller size, whereas the 1,3-phtaloyl ligand exhibit selectivity towards elements with
larger ion radius. This selectivity drastically changes from the homogeneous models that do not exhibit any selectivity.
The possibility of regenerating mesoporous sorbents through simple stripping using oxalate salt is demonstrated over up
to 10 cycles with no significant loss in REEs extraction capacity, suggesting adequate chemical and structural stability of
the new sorbent materials. Despite of the complex ion matrix and high ionic composition, the exposure of industrial min-

ing deposits containing REEs to the sorbents results in selective recovery of target REEs.
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1. INTRODUCTION

The rare-earth elements (REEs), consisting of primarily
the 15 lanthanides (Ln) as well as scandium (Sc) and yttri-
um (Y), are essential elements for modern technologies.
The importance of REEs has been booming owing to their
unique electronic, magnetic, and optical properties, and
their wide applications in electronics, metallurgy, and
catalysis.”> The emerging concept of clean and low-carbon
energy technology, such as electric vehicles, wind power,
and energy-efficient lighting, has further boosted the
demand for such technological materials. Nowadays, the
rare earth industry is dominated by China, who contrib-
utes to more than 9o% of the global production;? howev-
er, since 2010 China has restricted the exportation of REE
resources notably due to increasing concerns for envi-
ronmental effects of mining. Because of their necessity in

the clean energy economy and the vulnerability of supply
shortage, REEs have been classified as critical materials by
the U.S. Department of Energy+ and the European Union.5

Contrary to their name, rare earth elements are moder-
ately abundant in the earth’s crust; however, they are
often unfavorably distributed in common ores/minerals,
and are rarely present in economically exploitable con-
centrations.®” Moreover, the similarity in physicochemi-
cal properties between adjacent REEs renders the separa-
tion of individual elements extremely difficult. Indeed,
the bottleneck in securing the REE supply chain lies in
the lack of efficient separation methodologies. The most
commonly used technologies in the industry are multiple
step liquid-liquid extraction (LLE) and resin-based chro-
matography (supported-liquid extraction, SLE). The LLE
process has limited selectivity and consumes large



amount of organic solvent during repetitive extraction
cycles and generates undesired waste, whereas the SLE
suffers from the lack of reusability and high cost. In com-
parison, the emerging solid-phase extraction (SPE) sys-
tems require less solvent and provide better separation
factors, and thus are promising sample treatment tech-
niques.® In this regard, porous silica materials have re-
ceived great attention because of their superior extraction
capacity and stability.? In particular, ordered mesoporous
silica materials (OMSs) possess large surface area, well-
defined pore size, chemical stability, and are easily modi-
fied by organic ligands, thus yielding functionalized mate-
rials with enhanced separation and analytical perfor-
mance. For example, after grafting of diglycolyamide
(DGA) on mesoporous KIT-6 silica,’® and maleic acid on
MCM-41," the resulting hybrid materials exhibited high
sorption capacity and enhanced selectivity towards REEs.
In addition, ordered SBA-15-type Dy3* ion-imprinted mes-
oporous silica modified by acetylacetone was designed for
specific recovery of Dy3* in acidic media.? It has been
suggested that compared to two-dimensional (2-D) hex-
agonal mesoporous supports, such as SBA-15 and MCM-
41, the large-pore, interconnected and three-dimensional
(3-D) cubic nature of a KIT-6 support reduces the risk of
pore blocking during functionalization with large mole-
cules, and facilitates the mass transport of the solution
during adsorption.’6

From a chemical point of view, the discovery of ligands
with superior selectivity would play a critical role in en-
hancing the extraction performance of sorbents. The Ln3*
cations are highly Lewis acidic and easily coordinate nu-
cleophiles, with a clear preference towards oxygen do-
nors. A fundamental challenge for the design of such
ligands lies in differencing various REEs with radii rang-
ing from 74.5 pm for Sc3* to 103.2 pm for La3*. To date,
only a few size-based separation agents have been investi-
gated.”> One of our recent studies shows that by tuning
the bite angle formed by chelating ligands, a certain de-
gree of selectivity towards REEs could be achieved.® For
example, the derivative of 3,6-dioxaoctanediamide
(DOODA) has a smaller bite angle than the DGA ligand,
and the mesoporous KIT-6 silica functionalized with
DOODA shows preference for smaller lanthanides. How-
ever, the rotation of the 6-6 bond in DGA and DOODA
might have an adverse effect on the rigidity of hybrid
materials, thus hampering their selectivity. The concept
of “ligand preorganization” has been brought up to atten-
tion, and most of the preorganized ligands to date are
mixed soft N-donor and hard O-donor extractants for the
selective enrichment of actinides.'>*>4 In this work, we
synthesized a series of ligands based on phthaloyl dia-
mide (PA) bearing different bite angles by varying the
position of carbonyl group on the aromatic ring. The
conjugated aromatic structure provides a rigid structure,
making phthaloyl diamide preorganized for forming
complexes with REEs of different ions radii. The grafting
of ligands on the large-pore 3-D cubic KIT-6 silica also
decreases the flexibility of the coordinating carbonyl
groups, thus further adding to the overall rigidity of the

ligand. The hybrid materials exhibit impressive adsorp-
tion capacity and selective affinities towards REEs with
larger or smaller ion size under batch conditions, when
no selectivity is observed with the homogeneous PA ana-
logues. Furthermore, the adsorption mechanism was
studied in detail, and dynamic extraction tests were car-
ried out to assess the reusability of the solid-phase
sorbents. Finally, the applicability of the sorbents was
demonstrated by selective recovery of REEs from two
real-world silicate and niobium mining deposits samples.

2. EXPERIMENTAL SECTION

Chemical and materials. Tetraethoxysilane (TEQOS,
98%), (3-aminopropyl)triethoxysilane (APTS, 98%), and
N,N-dioctylamine (97%) were purchased from Sigma-
Aldrich. Phthaloyl chloride (94%), isophthaloyl dichloride
(98%), and terephthaloyl chloride (99%) were purchased
from Alfa Aesar and were used without further purifica-
tion. Analytical-reagent grade hydrochloric acid (37%),
nitric acid (65%), and sodium hydroxide were purchased
from Merck and were used without further purification.
Toluene (Sigma-Aldrich) and triethylamine (Sigma-
Aldrich, 99%) were dried and distilled using
Na/benzophenone, and stored on molecular sieves under
nitrogen. Solutions of REEs (Y, La, Ce, Pr, Nd, Sm, Eu, Gd,
Tb, Dy, Ho, Er, Tm, Yb, Lu) and additional ions (Al and
Fe) were prepared from the reference standard solutions
(Plasma, Cal, SCP Science) using nanopure water.

Synthesis of 1,2-phthaloyl diamido-
propyltriethoxysilane (1,2-PA-APTS). To a solution of
phthaloyl chloride (1,2-PACI, 1.53 mL, 10 mmol) in 25 mL
of dry toluene, a mixture of APTS (4.9 mL, 21 mmol) and
triethylamine (14 mL, 100 mmol) in 20 mL of toluene was
slowly added. The reaction was stirred at room tempera-
ture overnight. The reaction mixture was then filtrated
and the solvent was removed under reduced pressure,
yielding a light-yellow solid. Yield: 5.14 g (90%). '"H NMR
(DMSO-ds) 8: 8.22 (br, 2H, NHAP™S), 7.45 (m, 4H, aromat-
ics), 3.75 (g, 12H, CH,-OSiA?™5), 3.14 (q, 4H, CH,-NHAPTS),
155 (m, 4H, CH,-CH,APTS ), 115 (t, 18H, CH;*"™5), 0.60 (t,
4H, CH,-Si*PTs). 5C{'H} NMR (DMSO-ds) 8: 168.0 (C=0),
136.4 (1,2-aromatic), 129.1 (3,6-aromatic), 127.6 (4,5-
aromatic), 57.7 (CH,-O-SiA?™3), 41.9 (CH,-NHAPTS), 22.6
(CH,-CH,*PTS), 18.2 (CH;A"™S), 7.4 (CH,-Si*"™8). Elemental
Anal. Cale. for C,6H,sN,OsSi,: C, 54.51; H, 8.45; N, 4.89%.
Found: C, 54.62; H, 8.42; N, 4.88%.

Synthesis of 1,3-phthaloyl diamido-
propyltriethoxysilane (1,3-PA-APTS). To a solution of
isophthaloyl dichloride (1,3-PAC], 2.04 g, 10 mmol) in 25
mL of dry toluene at o °C, a mixture of APTS (4.9 mL, 21
mmol) and triethylamine (14 mL, 100 mmol) in 20 mL of
toluene was slowly added. The reaction was allowed to
warm to room temperature and stirred overnight. The
reaction mixture was then filtrated and the solvent was
removed under reduced pressure, yielding a transparent
yellow oil as final product. Yield: 4.94 g (86%). '"H NMR
(DMSO-ds) &: 8.61 (br, 2H, NHAP™), 831 (s, 1H, 3-
aromatic), 7.94 (m, 2H, 4,6-aromatics), 7.53 (m, 1H, 5-



aromatics), 3.75 (q, 12H, CH,-OSi*"™), 3.24 (q, 4H, CH,-
NHAPS), 1.59 (m, 4H, CH,-CH,*™S), 114 (t, 18H, CH;APTS),
0.60 (t, 4H, CH,-Si*?Ts). 3C{'"H} NMR (DMSO-dy) §: 165.7
(C=0), 134.9 (1,3-aromatic), 129.5 (4,6-aromatic), 128.2 (2-
aromatic), 127.2 (5-aromatic), 57.7 (CH,-O-Si*?TS), 42.1
(CH,-NHAPTS) | 227 (CH,-CH,APTS), 18.2 (CH;*P™S), 7.5
(CH,-Si*?™8). Elemental Anal. Calc. for C,H,sN,OsSi,: C,
54.51; H, 8.45; N, 4.89%. Found: C, 54.71; H, 8.47; N,
4.90%.

Synthesis of 1,4-phthaloyl diamido-
propyltriethoxysilane (1,4-PA-APTS). To a solution of
terephthaloyl dichloride (1,4-PAC], 2.05 g, 10 mmol) in 25
mL of dry toluene, a mixture of APTS (4.9 mL, 21 mmol)
and triethylamine (14 mL, 100 mmol) in 20 mL of toluene
was slowly added. The reaction was stirred at room tem-
perature overnight. The reaction mixture was then filtrat-
ed and the solvent was removed under reduced pressure.
The final product was a light yellow solid. Yield: 5.02 g
(88%). 'H NMR (DMSO-d;) 8: 8.58 (br, 2H, NHAP™), 7.90
(s, 4H, aromatic), 3.75 (q, 12H, CH,-OSi*"™), 3.25 (q, 4H,
CH,-NH”P™S), 1.58 (m, 4H, CH,-CH,AP™S), 114 (t, 18H,
CH,?™S), 0.59 (t, 4H, CH,-Si*PTS). 3C{*H} NMR (DMSO-ds)
8: 1654 (C=0), 136.7 (1,4-aromatic), 127.0 (2,3,5,6-
aromatic), 57.7 (CH,-O-Si*?™S), 421 (CH,-NHAPTS), 22.7
(CH,-CH,*"™5), 18.2 (CH;*™S), 7.5 (CH,-Si*"™). Elemental
Anal. Calc. for C,6H,sN,OsSi.: C, 54.51; H, 8.45; N, 4.89%.
Found: C, 54.28; H, 8.42; N, 4.88%.

Synthesis of N,N-dioctyl-1,2-phthaloyl diamido (1,2-
DOPA). The 1,2-DOPA ligand was synthesized via the
Schotten-Baumann approach.> A solution of 1,2-PACI
(0.77 mL, 5 mmol) in Et,O (30 mL) was added dropwise to
a solution of N,N-dioctylamine (3.3 mL, 10.5 mmol) and
NaOH (1.2 g, 30 mmol) in water (36 mL) at room temper-
ature over 30 min. The reaction was stirred overnight and
the phases were separated. The aqueous layer was satu-
rated with NaCl and extracted with Et,O (3 x 30 mL), and
the combined organic layers were washed with an aque-
ous solution of 10% HCI (3 x 20 mL). The organic layer
was washed again with water, and then dried over MgSO,.
The solvent was removed under reduced pressure, yield-
ing a light-yellow oil as final product. Yield: 3.68 (69%).
'H NMR (chloroform-d) &8: 7.32 (m, 2H, 3,6-aromatics),
7.23 (m, 2H, 4,5-aromatics), 3.35 (dt, 8H, CH,-Noctyl),
1.58 (d, 8H, CH,-CH,*"), 1.29 (td, 40H, CH,*%"), 0.82 (¢,
12H, CH;eo!). 3C{'H} NMR (chloroform-d) &: 169.8 (s,
C=0), 135.0 (s, 1,2-aromatics), 128.3 (s, 3,6-aromatis), 126.2
(s, 4,5-aromatics), 45.2 (d, CH.N), 31.9, 29.4, 29.2, 28.6,
27.6, 27.3, 26.7 (CH,), 22.8 (s, CH,-CH,), 14.2 (s, CH;).
Elemental Anal. Calc. for C,0H,.N,O,: C, 78.37; H, 11.84; N,
4.57%. Found: C, 78.59; H, 11.84; N, 4.58%.

Synthesis of N,N-dioctyl-1,3-phthaloyl diamido (1,3-
DOPA). The compound was synthesized in a similar
manner to the method mentioned above. The synthesis
conditions were as follows: 1,3-PACI (1.04 g, 5 mmol), N,N-
dioctylamine (3.3 mL, 10.5 mmol), and NaOH (1.2 g, 30
mmol). Yield: 2.52 g (70%). 'H NMR (chloroform-d) 8: 7.33
(m, 3H, 4,5,6-aromatics), 7.28 (m, 1H, 2-aromatic), 3.42
(dt, 8H, CH,-N°%!), 1.59 (d, 8H, CH,-CH,°%!), 1.23 (td,
40H, CH,°%"), 0.83 (t, 12H, CH;°%!). 3C{'H} NMR (chloro-

form-d) &: 170.8 (s, C=0), 137.4 (s, 1,3-aromatics), 127.2 (s,
2-aromatic), 127.2 (s, 4,6-aromatics), 124.7 (s, 5-aromatic),
494 (d, CH,N), 31.8, 29.2, 28.7, 27.5, 27.1, 26.6 (CH.), 22.6
(s, CH,-CH,), 141 (s, CH;). Elemental Anal. Calc. for
C,o0H,:N,0,: C, 78.37; H, 11.84; N, 4.57%. Found: C, 78.47;
H, 1.87; N, 4.57%.

Synthesis of N,N-dioctyl-1,4-phthaloyl diamido (1,4-
DOPA). This compound was synthesized in a similar
manner to the method mentioned above. The synthesis
conditions were as follows: 1,4-PACI (1.03 g, 5 mmol), N,N-
dioctylamine (3.3 mL, 10.5 mmol), and NaOH (1.2 g, 30
mmol). Yield: 2.29 g (63%). 'H NMR (chloroform-d) 8: 7.35
(s, 4H, aromatics), 3.45 (dt, 8H, CH,-N°%), 1.63 (d, 8H,
CH,-CH,°%), 1.27 (td, 40H, CH,*%"), 0.85 (t, 12H, CH,;°),
3C{'H} NMR (chloroform-d) 8: 171.0 (s, C=0), 138.1 (s, 1,4-
aromatics), 127.0 (s, 2,3,5,6-aromatics), 49.1 (d, CH,N),
319, 29.4, 28.9, 27.6, 27.2, 26.7 (CH.,), 22.7 (s, CH,-CH,),
14.2 (s, CH;). Elemental Anal. Calc. for C,,H,.N,O,: C,
78.37; H, 11.84; N, 4.57%. Found: C, 78.59; H, 11.85; N,
4.58%.

Synthesis of KIT-6 silica. KIT-6 silica materials were
obtained following the procedure reported by Kleitz et
al.?® Briefly, Pluronic P123 (EO,,PO,EO,,) (9.0 g) was
dissolved in distilled water (325.0 g), and HCI (37%) (17.4
g) was added under vigorous stirring. After complete
dissolution, n-butanol (BuOH) (9.0 g) was added. The
reaction mixture was left under stirring at 35 °C for 6 h,
after which tetraethoxysilane (TEOS) (19.4 g) was added
at once to the homogenous solution. The molar composi-
tion of the starting mixture was
TEOS/P123/HCI/H,O/BuOH = 1.0/0.017/1.83/195/1.31. This
mixture was left under stirring at 35 °C for 24 h, followed
by an aging step at 100 °C for 24 h under static conditions.
The resulting solid product was then filtered and dried for
24 h at 100 °C. From the as-synthesized KIT-6 material,
the template was removed by extraction in ethanol-HCI
mixture, followed by calcination in air at 550 °C for 5 h.

Materials functionalization. Prior to the grafting
procedure, the KIT-6 support was activated overnight at
150 °C under vacuum. To functionalize KIT-6, 1.0 g of the
support materials was dispersed in 60 mL of dry toluene
under inert atmosphere. After 20 min, the chosen silane-
modified ligand (0.46 g of 1,2/1,3/1,4-PA-APTS) and tri-
ethylamine (1.2 mL) were added at once to the suspen-
sion. The resulting mixture was stirred under reflux con-
ditions for 24 h. After the modification procedure, the
functionalized silica product was filtered and washed
thoroughly with toluene. Unreacted silane molecules
were removed by Soxhlet extraction in dichloromethane
for at least 12 h. The resulting products are noted as KIT-
6-1,2-PA, KIT-6-1,3-PA, and KIT-6-1,4-PA, respectively.

Characterization techniques. N, adsorption-
desorption isotherms were measured at -196 °C (77 K)
using an Autosorb-1-MP sorption analyzer
(Quantachrome Instruments, Boynton Beach, Fl, USA).
Prior to the analysis, the samples were outgassed for at
least 12 h at 200 °C (unmodified KIT-6) or at 8o °C (func-
tionalized sorbents) under turbomolecular pump vacuum.



The specific surface area (Sger) was determined using the
Brunauer-Emmett-Teller equation in the relative pressure
range 0.05 < P/P, < 0.20 and the total pore volume (Vpore)
was measured at P/P, = 0.95. The pore size distributions
were calculated using the nonlocal density functional
theory (NLDFT) method (Autosorb-1 software) consider-
ing the sorption of nitrogen at -196 °C in silica with cylin-
drical pores. The pore widths were determined by apply-
ing the NLDFT kernel of equilibrium isotherms (desorp-
tion branch). FTIR spectra were recorded using a Nicolet
Magna FTIR spectrometer with a narrow band MCT de-
tector (Specac Ltd., London). Spectra were obtained from
64 scans with a 4 cm™ resolution. Simultaneous thermo-
gravimetric  analysis-differential ~ thermal analysis
(TGA/DTA) was performed using a Netzsch STA 449C
thermogravimetric analyzer, under air flow of 20 mL min"
'. The analysis was performed with a heating rate of 10 °C
min? and a protective nitrogen flow rate of 20 mL min™
from 35 to 700 °C. The low-angle powder X-ray diffraction
(XRD) patterns were recorded on a Rigaku Multiplex
instrument operated at 2 kW, using Cu Ko radiation
(KAIST, Daejeon, Republic of Korea). XRD scanning was
performed under ambient conditions in steps of 0.01, with
an accumulation time of 0.5 s. Elemental analysis was
performed by the combustion method using a CHNS
Analyzer Flash 2000, Thermo Scientifc. 29Si magic-angle-
spinning (MAS) and BC cross-polarization (CP/MAS)
nuclear magnetic resonance (NMR) analyses were carried
out on a Bruker Avance 300 MHz spectrometer (Bruker
Biospin Ltd, Milton, Canada) at 59.6 MHz for 29Si and 75.4
MHz for 3C. 29Si MAS NMR spectra were recorded with a
spin echo sequence to avoid instrument background with
a recycle delay of 30 s in a 4 mm rotor spin at 9 kHz. 3C
CP/MAS NMR spectra were recorded with a 4 mm MAS
probe with a spinning rate of 9 kHz and contact time of 1
ms. Chemical shifts were referenced to tetramethylsilane
(TMS) for 2Si and adamantane for 3C. All the synthesized
ligands were characterized by 'H and 3C liquid NMR (see
Figures S1-S12). The liquid NMR spectra were recorded on
a Varian Inova NMR AS400 spectrometer at 400.0 MHz
(*H) and 100.580 MHz (3C). '"H NMR and 3C{'"H} NMR
chemical shifts are referenced to residual protons or car-
bons in deuterated solvent.

Extraction methodology. Extraction behavior of REEs
and additional metals was investigated on unfunctional-
ized KIT-6 and 1,2-PA-APTS, 1,3-PA-APTS, and 1,4-PA-
APTS functionalized mesoporous silica. Extraction exper-
iments were performed either as a solid-phase batch ex-
traction (SPE) or flow-through mode. Liquid-liquid ex-
traction (LLE) experiments were also performed in order
to determine the effect of ligand grafting on the extractive
properties. Elemental quantification of the various ele-
ments was performed by ICP-MS/MS (Model 8800, Ag-
ilent Technologies) measurement. The initial and final
concentrations of the REEs and additional metals in solu-
tions were determined and used to calculate either extrac-
tion capacity or distribution constant (K4, mL g*) by the
following equation:

Ky = L x2X (1)

where V is the volume (mL) of the testing solution, m is
the amount of the sorbents (mg), C, and Cs are the initial
and final concentration of the REEs (ug L), respectively.

Solid-phase batch extraction studies. Prior to the
analysis, the functionalized materials (sorbents) were
outgassed at 8o °C overnight. Typical batch solid-phase
extraction (SPE) experiments of REE solution with func-
tionalized mesoporous KIT-6 was carried out in a 10 mL
centrifuge tube, where solutions of REEs (Y, La, Ce, Pr,
Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu) and addi-
tional ions (Al and Fe) in diluted HNO; (pH = 4) were
prepared in the desired concentration, i.e., 15 pg L* for
unfunctionalized KIT-6 and 30 pg L* for functionalized
KIT-6. For each sample, 10 mg of sorbents was dispersed
in 5 mL of REEs solution (solution/solid ratio was fixed to
500 mL g"). Only the average values of triplicates are
given. After adsorption for 2 h, the supernatant was fil-
tered through a o.2 pm syringe filter. An Indium (In)
solution (50 pg L) in 4% HNO,; was used as internal
standard in order to correct the instrumental drift and
matrix effects during analysis.

pH variation studies. The pH tests were performed
using a solution of REEs (50 pg L) prepared at various pH
(from 2.5 to 6.2). The pH was adjusted by diluted NH,OH
or HNO,; solution. For clarity, only the ions with the high-
est Kq value were shown in this study, and the amount of
ion adsorbed on the sorbents at equilibrium was calculat-
ed by the following equation:

Qe ==X (Co—Cp) ()

All samples were analyzed in triplicates using the batch
extraction protocol mentioned above and only the aver-
age value was presented.

Adsorption kinetics studies. The kinetic studies were
performed for the pristine KIT-6 and KIT-6-1,2-PA. A
solution of 40 mg L* and 0.4 mg L of Lu3* was used for
KIT-6-1,2-PA and KIT-6, respectively, and the pH was
adjusted to 4. The contact time was varied from 1 min to 2
h.

Adsorption isotherm studies. The isotherm studies
were performed for the pristine KIT-6 and KIT-6-1,2-PA.
Solutions of Lu3* with concentration ranging from o.1 to
0.9 mg L for KIT-6 and 5 to 100 mg L* for KIT-6-1,2-PA
were used. For all solutions, pH was adjusted to 4. The
contact time was 2 h.

Liquid-liquid extraction (LLE) studies. 25 pumol of
1,2-DOPA, 1,3-DOPA, or 1,4-DOPA was added to 5 mL of
dichloromethane or dodecane, whereas 3 M nitric acid
containing 100 pg L* of each REE was prepared from a
standard solution by appropriate dilution, and used as
aqueous phase. Both phases (5 mL each) were mechani-
cally mixed for go min. The two phases were then sepa-
rated and the elemental quantification of the REEs in



aqueous phase was performed by ICP-MS/MS. The distri-
bution constant (Kq) for liquid-liquid extraction is calcu-
lated by the following equation:

Cor,
Kg = - (3)

Caq
where Co and Ciq represent the final concentration of
REEs (pg L") after extraction.

Reusability tests. 20 mg of KIT-6-1,2-PA mesoporous
sorbents were packed inside a 2 mL cartridge (Eichrom
Technologies, USA) using the slurry-packing technique
described elsewhere.* Prior to the loading of extraction
solution, the column was washed with high purity water
(10 mL) and conditioned with 10 mL of diluted HNO; (pH
= 4). The solution of extraction (Lu3*, 100 pg L, 5 mL) was
passed through the column using a peristaltic pump
(Minipuls 3, Gilson, USA) with fixed volumetric flow rate
of 1 mL min™. The retained element was eluted from the
column with 5 mL of 0.1 M solution of ammonium oxalate
((NH,),C,0,). Afterwards, the columns were washed with
nanopure water (10 mL), reconditioned with HNO; (pH =
4) and used for the second extraction. The above-
mentioned procedure was repeated 10 times.

Application to real-world samples. Two samples re-
leased from mining sites were obtained from industrial
partners and analyzed by ICP-MS/MS before and after
extraction. The samples were pretreated after acid leach-
ing from mineral deposits of silicate (denoted by IS-1) or
niobium (Niobec, Saint-Honoré, QC, Canada, denoted by
IS-2) and are preserved with 6 M HCI. Prior to extraction
test, the solutions were diluted 1,000 times to ensure that
the concentration of REEs in the dilution was 10,000 - 1
pg L. The pH of the samples was adjusted to 4.0 using
diluted NH,OH. The extraction procedure used was the
same as mentioned in the batch SPE studies.

3. RESULTS AND DISCUSSION

Synthesis and characterization of the materials

The 1,2/1,3/1,4-PA-APTS ligands were synthesized by
modification of corresponding acid chlorides with 3-
aminopropyltriethoxysilane (APTS) in good yield. The
post-synthesis modification of the mesoporous KIT-6
silica support was performed with the appropriate
amount of ligand according to a standard one-step proce-
dure in dry toluene under reflux conditions, as schema-
tized in Figure 1. The resulting surface-modified OMS
were assigned the respective codes: KIT-6-1,2-PA, KIT-6-
1,3-PA, and KIT-6-1,4-PA. The low angle powder XRD
patterns of the functionalized materials show well-
resolved diffraction peaks corresponding to lazd sym-
metry, as expected for KIT-6 derived materials (Figure
S13).142¢ The N, physisorption analysis isotherms are pre-
sented in Figure 2, and the physicochemical parameters
(porosity and structural parameters) derived from the N,
sorption analysis are compiled in Table 1. All modified
materials demonstrate typical type IV isotherms (Figure
2(a)). A steep capillary condensation step and a hysteresis
loop (type Hi adsorption-desorption hysteresis) were
observed in the relative pressure range (P/P,) of 0.6-0.8, a
characteristic profile for mesoporous solids with large
cylindrical mesopores (> 4 nm).?” After the anchoring of
the organic ligands on the silica surface, the shape of the
hysteresis loop is well maintained comparing to pristine
mesoporous KIT-6. The hysteresis loop shifts to lower
values of relative pressure, indicating a decrease in pore
size upon surface modification, which is consistent with
the pore size distribution (Figure 2(b)). A similar gradual
decrease in pore volume compared to the parent silica is
observed (Table 1). In all cases, the hysteresis loop and the
pore size distribution of modified materials remain nar-
row, which indicates the homogeneous surface function-
alization and the absence of pore blocking.
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Figure 1. Schematic representation of the synthesis of
phthaloylamide-functionalized KIT-6 materials.
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Figure 2. N, adsorption-desorption isotherms at -196 °C for
the synthesized materials (a) and respective pore size distri-
butions calculated from the desorption branch using the
NLDFT method (silica with cylindrical pore model) (b).

Table 1. Physicochemical parameters derived from N,
physisorption measurements at -196 °C.

Materials Sper (M?g?")  Vpore (cm3g?)  Pore size
(nm)

KIT-6 1256 1.52 7.9

KIT-6-1,2-PA 726 1.04 7.0

KIT-6-1,3-PA 712 0.91 7.0

KIT-6-1,4-PA 563 0.72 7.0

To confirm the covalent attachment and the chemical
stability of the organic functional groups on the prepared
hybrid materials, FT-IR, solid-state NMR, and thermo-
gravimetric analysis (TGA) measurements were per-
formed. As shown in Figure Si4, the new characteristic
bands in the FT-IR spectra of modified-KIT-6 observed
between 1500 and 1700 c¢cm™ can be assigned to the
stretching vibration of C=C groups of the aromatic ring
from the grafted PA groups, while the wide bands around
3050 cm™ are typical of the stretching vibrations of C-H
groups. Moreover, the presence of the amide bond in the
modified hybrid solids was confirmed by the characteris-
tic bands visible between 1710 and 1650 cm™ (C=0O stretch-
ing), and 1520 cm™ (NH bend in amine I) in the FT-IR
spectra (Figure Si4). These peaks clearly indicate the suc-
cessful introduction of phthaloyl amide groups into the
mesoporous silica. The structure of the anchored ligands
was further established by solid-state NMR spectroscopy.
The solid-state 3C CP/MAS NMR spectra of PA ligand-
functionalized KIT-6 are shown in Figure Si5(a). The
peaks corresponding to the ligands were clearly defined in
the 3C CP/NMR spectra and were in good accordance
with those observed in the liquid 3C NMR spectra of the
APTS-modified ligands in DMSO-ds (Figure S2-S6). Three
intense peaks can be observed at chemical shifts § = 8.9,
22.4, and 42.5, which can be assigned to methylene car-
bon atoms from the silicon to the nitrogen ends in the
(-Si-CH,-CH,-CH,-N-) chain (carbon atoms no. 1-3,
respectively, Figure Si5 (a)). The peaks in the § range of
120-150 can be assigned to the aromatic carbon atoms of
the phthaloyl moiety, while the band appearing at 170
ppm is characteristic of the carbonyl group. Besides, it is
noted that two additional peaks assigned to ethoxy
groups in (-Si-O-CH,-CH,) appears at § = 60 and 16
(carbon r and r’, respectively), which suggests that a small
portion of the ethoxysilane species remained unreacted
during the functionalization. However, it is worth notic-
ing that these peaks are much less pronounced compared
to those in the liquid state NMR, indicating that their
concentration on the silica surface can be considered
relatively low. Indeed, as shown on the 29Si MAS NMR
spectra (Figure Si5(b)), for KIT-6-1,2-PA and KIT-6-1,3-PA,
the ligands have been anchored to the silica support
mostly through T* ((SiO).(OR)Si-R) and T3 ((SiO);Si-R)

species at -60 and -68 ppm, respectively, whereas a part of
1,4-PA-APTS attaches to KIT-6 through T' ((SiO)(OR).,Si-
R) at -50 ppm. This further confirms that the organic
ligands are covalently anchored to the surface through
grafting on silanol groups, thus are less prone to leach-
ing upon extraction, and provide a certain rigidity and
stability to the hybrid materials.

Table 2. Total amount of ligand introduced by graft-
ing for the different functionalized materials and
estimated surface density of the ligands.

Materials Mass loss? CHN Density of
(%) (%) ligand® (nm™)
N C
KIT-6-1,2-PA 16.7 1.68 10.35 0.32
KIT-6-1,3-PA 17.1 1.74 11.45 0.35
KIT-6-1,4-PA 17.8 1.62 11.30 0.43

3Determined by TGA-DTA analysis in temperature range
140 - 650 °C. >Calculated using N content from CHN anal-
ysis and specific surface area (Sggr, Table 1).

In addition, the composition of the organic moieties at-
tached to the silica surface was evaluated using TGA and
CHN elemental analysis. Reasonable ligand loading was
achieved for all mesoporous KIT-6 materials (Table 2).
The TGA and DTA profiles of functionalized materials
indicate that the ligands follow either a two-step (KIT-6-
1,2-PA) or a three-step (KIT-6-1,3-PA and KIT-6-1,4-PA)
degradation, and the pyrolysis process of the organic
moieties begins between 120 and 140 °C, indicating that
the ligands are covalently attached on the mesoporous
silica support (Figure S16). The higher loading of ligand
for KIT-6-1,4-PA is probably due to the para positioning,
which renders the grafting of both sides of the ethox-
ysilane groups more difficult, thus reducing the surface
area (Sper) and pore volume while maintaining the pore
size (Table 1). The higher ratio of T, peak for KIT-6-1,4-PA
compared to KIT-6-1,2-PA and KIT-6-1,3-PA on the 29Si
MAS NMR spectra further confirms this suggestion. Based
on the data obtained from the N, physisorption at -196 °C
and the amounts of carbon and nitrogen on the hybrid
materials obtained from elemental analysis, the apparent
surface density of the ligands was also calculated (Table
2). The highest apparent surface density was estimated for
KIT-6-1,4-PA (0.43 nm™), while the lowest surface density
of ligand was found for the sorbent KIT-6-1,2-PA (0.32
nm=2), which is in agreement with the TGA mass loss and
surface area observed for the functionalized materials.
Note that the surface density of ligands, however, is
slightly overestimated since the unreacted ethoxyl groups
also contribute to the weight loss in the pyrolysis temper-
ature range.

Extraction studies

Effect of pH. The H* ions in the solution can strongly
affect the uptake of metal ions by the adsorbents. Herein,
the effect of pH (ranging from 2.5 to 6.2) on functional-
ized sorbents was investigated using a mixture of REEs



(50 pg L). For clarity, only the ions with the highest Kq
values (i.e., Lu, Sm, and Ce for KIT-6-1,2-PA, KIT-6-1,3-PA,
and KIT-6-1,4-PA, respectively; see below) are shown on
Figure 3. It is clear that the REEs adsorption capacity of
the functionalized sorbents increases rapidly with aug-
mentation of the solution pH. At lower pH (pH 2.5), the
H* can compete with metal ions in the complexation with
functional moieties and positively charges the surface of
the sorbents, resulting in electrostatic repulsion between
the REEs ions and silica surface. At higher pH (pH = 7),
however, the REEs tend to precipitate as hydroxides. As
shown in Figure 3, a pH around 4 enhances the adsorp-
tion capacities of sorbents and thus was selected for fur-
ther sorption experiments.

Extraction performance. The adsorption performance
was evaluated using the distribution coefficient (Kg, mL g
1) calculated according to equation (1):

_V.,, Go=Ctr
Kq = - X ¢ (1)

and the effect of ligand grafting on the REEs extraction is
shown in the Figure 4 and Table Sz. It is clearly observa-
ble that the grafting of ligand 1,2-PA-APTS, 1,3-PA-APTS,
and 1,4-PA-APTS results in a significantly higher extrac-
tion capacity as compared to pristine KIT-6. The selectivi-
ty pattern is also different according to the nature of the
tethered organic ligands. The extraction selectivity of the
hybrid materials is supposed to stem from the synergistic
effects of the chelating angle (bite angle) of organic moie-
ties and the silica surface,
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Figure 3. Effect of pH on the REEs adsorption by functional-

ized KIT-6 sorbents (Lu for KIT-6-12,-PA, Sm for KIT-6-1,3-
PA, and Ce for KIT-6-1,4-PA).

which can also act as a ligand, thus forming a multiden-
tate coordination cavity for REEs. Among the three lig-
ands, the 1,2-PA-APTS exhibits the smallest bite angle and
will form a smaller cavity. As such, this material shows an
impressive affinity towards late lanthanides such as Ho,
Er, Tm, Yb, and Lu, with K4 values higher than 10 ooo mL
g It is worth noticing that the Kq value of Y3* (12 400 mL
g") is almost as high as that of Ho3* (11 700 mL g*), which
can be explained by the similarity in their ion radius (9o
pm and go. pm for Y3* and Ho3", respectively). In case of
the KIT-6-1,3-PA material, with a larger cavity, a well-

defined selectivity towards large-/middle-size lantha-
nides, namely Ce3* (101 pm), Pr3* (99 pm), Nd3* (98 pm),
and Sm3* (97 pm), was observed. This observation is con-
sistent with the relative larger bite angle of 1,3-PA-APTS
compared to 1,2-PA-APTS, which favors the complexation
with lanthanides bearing larger ion radii. It should be
noted that the highest K4 value of KIT-6-1,3-PA (22 700
mL g* for Nd3*) is lower than that of KIT-6-1,2-PA (53 500
mL g* for Lu3*), which is probably due to the presence of
the hydrogen atom in the position 2 of the aromatic ring
in 1,3-PA-APTS, which should adversely influence the
complexation of the carbonyl groups with REEs ions.
Finally, in the case of KIT-6-1,4-PA, although the general
extraction capacity was enhanced compared to the pris-
tine KIT-6 sample, the hybrid material shows only small
perturbation in the K¢ values through the lanthanide
series and exhibits little selectivity compared to its KIT-6-
1,2-PA and KIT-6-1,3-PA counterparts, as expected. Here,
the two carbonyl groups being in para position prevent
any synergistic action of the moieties which could lead to
efficient sorption of lanthanides.

To determine the effect of ligand grafting on the extrac-
tion performance, the LLE experiments were also per-
formed for 1,2-DOPA, 1,3-DOPA, and 1,4-DOPA. It is ob-
served that, under the conditions tested (100 pg L™ of REE
in 3 M HNO,), the Ky values for LLE are relatively small,
showing limited extraction capacity (Figure S17). Beside
the long carbon chains which induce hydrophobicity of
the molecules, a more rigid frame (the aromatic ring)
further renders the molecules less hydrophilic (thus the
lack of solubility in dodecane) and decrease the extraction
yield in LLE, whereas the use of solid support eliminates
this effect. Furthermore, contrary to its SPE counterparts
among which each demonstrates distinctive selectivity,
the K4 values for all of the three ligands showed little
variation across the lanthanides. The striking difference
in extraction behavior between SPE

60000 50
K6 *KIT-6-1,2-PA
0 i
50000 | T, ® KIT-6-1,3-PA
- B - 8 B
Ef01%8s 35" "@ _ _ B KIT-6-1,4-PA
7 o 8 o - a2 ()
85
40000 0 B i
E‘naama 0 :
E ¥ LaCe PrNdSmEuGd Th Dy Ha ErTmYb Lu
< 3
20000 L}
[ 3
3
10000 B
e ® - = *
» . + * t s =
. B - - - L] L]
0 — et —

T T T T T T T T T T T |
Al Fe ¥ la Ce Pr Nd Sm Eu Gd Th Dy Ho Er Tm Yb Lu

Figure 4. Distribution coefficient (Kq) values for functional-
ized hybrid materials in the presence of competitive ions
(AB* and Fes*). For comparison, the Kq4 value for pristine KIT-
6 silica is shown (insert Figure).

and LLE stems from the chemical anchoring of the lig-
ands to the solid surface, which decreases the flexibility of
the chelating carbonyl groups and further increases the



overall rigidity of the ligand. Upon grafting, each chelat-
ing ligands forms a cavity with the silica surface, in which
only those metal ions that fit with the size of the cavity
(i.e., having an appropriate ion radius for the bite angle of
the ligand) will be trapped, whereas the unfitted ions will
easily be eluted. These observations further demonstrate
the necessity of ligand grafting in enhancing the overall
extraction performance of the hybrid sorbents.

The effect of competing ions in the effluent on the up-
take of REEs was also investigated. As shown in Figure 4,
the Kq values of both A3* and Fe3* for all three adsorbents
are relatively low (< 2000 mL g") compared to that of
REEs.

Because the KIT-6-1,2-PA shows exceptionally high K4
values, as well as the greatest selectivity towards late
lanthanides, it was chosen as a model material for the
following studies.

Kinetics studies. To further explore the sorption be-
havior of REEs on the hybrid KIT-6-PA sorbents and to
determine the rate-controlling mechanism during the
adsorption, sorption kinetics studies were carried out.
The Lu3* ion sorption onto KIT-6-1,2-PA and KIT-6 over a
time range of 2 - 120 min was performed, with an initial
Lu3* concentration of 40 mg L* and 0.4 mg L* for KIT-6-
1,2-PA and KIT-6, respectively. As shown in Figure 5, the
adsorption of Lu ions by KIT-6-1,2-PA increases fast with-
in the first 10 min of contact, then equilibrium was
reached after 45 min of contact. The kinetic curve of pure
KIT-6 silica shows no apparent change after 20 minutes
due to poor adsorption performance. KIT-6-1,2-PA dis-
plays significantly higher adsorption capacity at equilibri-
um, indicating superior affinity between Lu ions and the
adsorbent surface.

To further investigate the nature of extraction behavior,
the kinetic curves of KIT-6 and KIT-6-1,2-PA were fitted
with pseudo-first-order and pseudo-second order kinetic
models. The detailed description of the two models is
presented in Supporting Information and the fitting re-
sults are shown in Figure 5 and Table 3. According to
correlation coefficient R?, the pseudo-second-order mod-
el, which is frequently associated with chemical sorption
mechanism,3°3 gives a better fit for the adsorption data of
both KIT-6 and KIT-6-1,2-PA. The Q.
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Figure 5. Effect of the contact time on the lutetium sorption
with kinetic model fitting of the pseudo-first and -second-
order model of the lutetium adsorption kinetic on KIT-6-1,2-
PA and KIT-6 at room temperature.

values calculated from the pseudo-second-order model
for both KIT-6 and KIT-6-1,2-PA sorbents are also in good
agreement with experimental data Qe (Table 3). The
adsorption curve and kinetic model fitting suggest that
the uptake of Lu ion is carried out in two successive steps:
(1) rapid surface adsorption associated with ion diffusion,
followed by (2) chemical sorption of ions contributed by
functional groups on the surface, between which the
chemisorption process being the rate-limiting step of the
sorption mechanism.

Adsorption isotherm. Equilibrium adsorption exper-
iments were carried out to calculate the maximum of
adsorption capacity of the material KIT-6-1,2-PA. The
study was performed at pH 4, with 10 mg of sorbent, 5 mL
of solution, and 2 h equilibrium time. The detailed de-
scription of the experiment can be found in the Experi-
mental Section and Supporting Information. As shown in
Figure 6, the adsorption capacities of KIT-6-1,2-PA and
KIT-6 are non-linear and increase with an increase of the
initial concentration of Lu3* (from 5 to 100 mg L™ for KIT-
6-1,2-PA and from o.1 to 0.9 mg L for KIT-6). Both Lang-
muir and Freundlich isotherm model were applied to
describe the adsorption mechanism and the Langmuir
model gives a better fit (R* > 0.99), suggesting homoge-
nous binding sites on the surface of sorbents,>* which
results in finite molecular sorption. The linear regression
of the Langmuir model is shown in the Figure Si9 with
the parameters compiled in the Table Si. The experi-
mental maximum adsorption capacity for KIT-6-1,2-PA is
found to be 8.57 mg g, which is in good agreement with
equilibrium adsorption capacity calculated by the Lang-
muir model Qm (8.69 mg g*). Further, the maximum ad-
sorption capacity of KIT-6-1,2-PA is much higher than
that of pristine KIT-6 (Qm = 0.0598 mg g calculated by
Langmuir model) at the same pH (pH = 4), demonstrating
an outstanding adsorption capacity. This result is also
consistent with the much higher K4 value for KIT-6-1,2-PA
compared to pristine KIT-6 (Figure 4). In addition, in the
Langmuir isotherm model, the separation factor Ry is
found to be 0.0164 and 0.0181 for KIT-6-1,2-PA and KIT-6,
respectively (Table S1). The R, indicates if the adsorption
is favorable (o < Ry < 1), unfavorable (Ry > 1), linear (R, =
1), or irreversible (Ry =0); the smaller the Ry value is, the
more favorable the sorption on the sorbent is for the giv-
en ion. The smaller R; value of KIT-6-1,2-PA thus further
confirms that KIT-6-1,2-PA is

Table 3. Kinetic constants for the pseudo-first-order and pseudo-second-order models.



Pseudo-first-order

Kinetics model
Pseudo-second-order

Materials Qe, exp Qe cal k, Rz Qe, cal k, ty/a Rz
(mg g) (mg g) (L min™) (mg g) (g mg* min") (min)
KIT-6-1,2-PA 7.31 6.75 1.25 0.938 7.30 0.0909 1.51 0.999
KIT-6 0.0368 0.0359 0.251 0.967 0.0370 15.07 1.79 0.999

more favorable in sorption of Lw* than KIT-6. Although
in this work the Qu value for Lu3* appears to be lower
than those reported in the literature under similar condi-
tions," it is worth noting that the same geometric param-
eters cannot be used to compare a tri/tetradentate ligand
with a bidentate ligand, as in this case. Higher or similar
extraction capacity was obtained for lanthanides using
other systems such as mesoporous polymers networks3335,
ion-exchangers,3%37 and magnetic nanosorbents.3®3 How-
ever, these systems require laborious or multi-step syn-
thesis and purification, whereas in this work all the lig-
ands can be obtained using one-step synthesis from
commercially available starting materials without further
chromatographic purification, followed by simple, one-
step grafting procedure to obtained the functionalized
sorbents. Moreover, the amount of ligand grafted on the
surface in this work (around 17%) is significantly lower
than what has been previously reported (more than 27%
for most of the cases).93+ Therefore, a scale-up can easily
overcome this minor drawback.
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Figure 6. Experimental equilibrium isotherm data and mod-
eling for the adsorption of Lu3* on mesoporous silica KIT-6-
1,2-PA (a) and KIT-6 (b).

Stripping and reusability tests. To evaluate the reus-
ability of the functionalized mesoporous materials, a SPE
cartridge was packed using KIT-6-1,2-PA,* and its reusa-
bility performance for Lu extraction was assessed (Figure
7). The ICP-MS/MS analysis results showed that no signif-
icant loss in Lu extraction efficiency was observed even
after 10 loading-stripping-regeneration cycles (98.7% and
94.9% for the first and 10th cycle, respectively). However,
since the material demonstrates impressive extraction
capacity (distribution coefficient K4 > 50000 mL g* for
lutetium), the possible degradation would not directly
impact the overall extraction efficiency of the functional-
ized materials. The oxalate solution after stripping was
also analyzed by ICP-MS/MS, and these results show that
the most part of Lu that has been extracted from the ini-
tial solution was recovered; the small portion of missing
Lu ions is probably released by water during the following

washing step and/or by diluted HNO; during the recondi-
tioning step.+°
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Figure 7. Reusability performance of KIT-6-1,2-PA sorbent
over 10 loading-stripping-regeneration cycles, in the dynamic
system.

The packed materials were recovered after 10 cycles and
fully characterized. The results obtained from N, phy-
sisorption analysis showed an increase in both surface
area (from 726 to 768 m? g?, Figure S20) and in pore size
distribution (from 7.0 to 7.3 nm). These phenomena can
be explained by the loss (leaching) of some organic moie-
ties attached to the surface of silica. The TGA then con-
firmed this assumption, showing a small reduction in
mass loss between 140 to 700 °C (from 16.7 to 15.5%, Fig-
ure S21). Finally, the 3C CP/MAS NMR spectrum showed
the decrease in intensity of the peak at 61 ppm and disap-
pearance of the one at 16 ppm, indicating the partial hy-
drolysis of the grafted ligand, especially the ethoxysilane
groups, mostly due to the presence of diluted HNO; (Fig-
ure S22). This result is in line with the decrease of mass
loss. However, the 3C CP/MAS NMR spectrum also
demonstrates that the overall ligand structure is well
preserved. These results show that in addition to its im-
pressive extraction capacities, the functionalized materi-
als can withstand multiple loading-stripping-regeneration
cycles under the conditions tested without significant
degradation.

Application to real-world samples. To further
demonstrate the applicability of the KIT-6-PA type
sorbents for REEs sequestration in real samples, extrac-
tion tests were carried out with industrial samples re-
leased from silicate (IS-1) or niobium (IS-2) mining depos-
its provided by industrial partners. Prior to the extraction
tests, the stock solutions were diluted 1,000 times to make
sure that the concentration of each REE in the dilution
was 10,000 - 1 Pg L. The elemental composition of dilut-



ed samples was analyzed by ICP-MS/MS and is compiled
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Figure 8. Selectivity of REEs adsorption for KIT-6-1,2-PA (a), KIT-6-1,3-PA (b), and KIT-6-1,4-PA (c) for industrial samples IS-1
and IS-2. For clarity, the Kq values for KIT-6-1,2-PA was presented on a logarithmic scale.

samples are of practical importance as industrial and
mining waste is characterized by various competitive ions
with high concentration and therefore high ionic
strength. Figure 8 shows the Kq4 values of REEs in IS-1 and
IS-2 for functionalized hybrid materials. Compared to
batch extraction using standard solutions (30 pg L for
each REE), industrial samples treatment showed lower Ky
values for REEs. Indeed, as shown in the Table S4, both
IS-1 and IS-2 consist of complex ion matrix and large
amount of competitive metal ions resulting from mining
and leaching process, including Na*, K*, Fe3*, A+, Ca*,
and Mg*, which are likely to compete with REEs and
reduce the affinity between sorbent surface and target
ions. Furthermore, the REEs matrix is rich in early lan-
thanides (La3*, Ce3*, Pr3*, and Nd3*) for both IS-1 and IS-2.
Noticeably, distinctive selectivity towards REEs is still
observed for KIT-6-1,2-PA (Y, Yb, and Lu) and KIT-6-1,3-
PA (Ce, Nd, and Sm), which is similar to the selectivity
pattern obtained using standard solution. KIT-6-1,4-PA
shows limited extraction capacity and selectivity, as ex-
pected. In addition, the interaction of ligands on the silica
surface with REEs is strongly favored over competitive
ions, as shown on Figure S23. Overall, the results suggest
the potential applicability and suitability of the system for
REEs recovery from mining and industrial deposits.

4. CONCLUSION AND PERSPECTIVES

In this work, we reported a series of novel, efficient and
robust mesoporous sorbents functionalized by phthaloyl
diamide (PA) ligands. Three preorganized, chelating lig-
ands with different bite angles were successfully grafted
on the KIT-6 surface, and size-based selectivity towards
REEs was observed in the presence of competitive ions. At
pH 4, the synthesized sorbents clearly demonstrate high
efficiency with rapid adsorption kinetics (within 1 h) and
significant adsorption capacity (8.47 mg g*). Dynamic
extraction tests show that the materials are reusable for
up to 10 loading-stripping-regeneration cycles while
maintaining the chemical structure of organic moieties.
These results are of importance since they clearly demon-
strate that the grafting of easily accessible molecular
structures, such as the PA ligands, on ordered silica can
lead to highly efficient materials for REEs extraction when
the homogeneous analogues are more or less inactive.

Indeed, the synergistic action of the ligand and the sur-
face leads to an enhanced coordination environment. The
extraction of REEs in real-world samples demonstrates
the possibility in industrial application of these materials.
Future work will emphasize on exploring novel preor-
ganized chelating ligands that might not have good ex-
traction capacity and selectivity in the homogeneous
phase but could be efficient when supported, and on the
synthesis of functional materials with nanoporous mono-
lithic structures for industrial applications such as dy-
namic column extraction in high pressure environment.
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