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  1.     Introduction 

 Since the beginning of this millennium, the rare-earth elements 
(REEs) global consumption rate has increased signifi cantly while 
supplies have drastically diminished, mainly as the result of 
restrictions on exportations from China. According to the latest 
market analyses, carried out by the USA and Chinese govern-
ments, the exploitation of REEs over the past few years remains 
constant, although the demand for rare-earth compounds has 
been growing rapidly worldwide. [ 1 ]  High purity REEs have 
found applications in numerous advanced technologies, such 
as for the production of magnets, chemical sensors or lasers. [ 2,3 ]  
In domestic electronics, REEs are used in computers, plasma 
and LCD screens, cell phones or cameras. Among roughly 250 
REE minerals that can be found, only 10–20 are considered as 
useful, while only 5 are practically applicable. [ 4 ]  Therefore, the 
main objective of the present work is the development of effi -
cient solid sorbents for the extraction and valorization of REEs, 
especially from alternative sources, e.g., industrial or mining 

wastes. Mining residues contain a number 
of elements, including some radioactive 
elements, transition metal oxides, as well 
as REEs, which often are present at eco-
nomically interesting concentrations. [ 5 ]  
However, selective lanthanide separation 
and pre-concentration is one of the most 
diffi cult tasks, as these elements have 
only subtle differences in their proper-
ties. [ 6 ]  Industrially, extraction and purifi ca-
tion of REEs require multiple sequential 
extraction steps, which are mostly based 
on liquid-liquid or liquid-solid extrac-
tion procedures. Liquid–liquid extraction 
(LLE) strategies are commonly used for 

industrial separation and purifi cation in hydrometallurgy as 
they provide acceptable enrichment needed for many extrac-
tion applications. However, separation and purifi cation of REEs 
by such technique requires the treatment of a large volume of 
solvents over continuous, repeated steps, which lead to signifi -
cant amounts of undesired and radioactive wastes. In compar-
ison, liquid-solid extraction is a simpler and greener alternative. 
Chromatographic-based resins (ion-exchange, IEC, or extraction 
resins, EXC) have been used with respect to REEs separation 
and purifi cation. As early as 1947, Spedding  [ 7 ]  has demonstrated 
that ammonium citrate / citric acid could selectively elute REEs 
loaded onto a Amberlite IR-100 (strong cationic ion-exchanger). 
Similarly to extraction performed by LLE, shifting stability of 
coordinated REEs, owing to change in ionic radius resulting 
from the lanthanide contraction, enables elemental separation. 
Other studies using anion-exchange resins where REEs are com-
plexed with negatively charged ligands have also been reported. [ 8 ]  
More recently, liquid-liquid extraction on a solid support (also 
referred as EXC) has been applied to the separation and purifi ca-
tion of REEs. [ 9 ]  In most EXC resins, a selective ligand is dissolved 
in an hydrophobic organic phase which is impregnated on a 
solid support. Among the selective ligands reported, diglycolyla-
mide (DGA) derivatives have demonstrated interesting extractive 
properties for REEs. Recently, researchers attempted to replace 
the organic phase, in which the extractant was dissolved, by an 
ionic liquid which was entrapped into a silica sol–gel composite 
for the extraction of La(III). Unfortunately, the impregnation 
strategies employed resulted in EXC materials that demon-
strated pronounced leaching of the stationary liquid phase which 
translated into cross-contamination and lack of reusability, [ 10–13 ]  
thus hampering their applicability. To overcome such issues, it 
has been proposed to chemically anchor the extracting agent to 
the solid support. To do so, Zhang suggested fi rst a polymeric 
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mesoporous KIT-6 silica [ 21 ]  as a potential candidate for the 
REEs separation. In our strategy, the DGA ligand is chemi-
cally grafted to the silica surface, which enables the resulting 
hybrid materials to be cycled and regenerated, a key feature in 
the development of sustainable and cost-effective resin-type 
materials minimizing waste production. The choice of the 
KIT-6 silica is motivated by the highly interconnected nature of 
the pore network of this material, which is expected to reduce 
risks of pore blocking and be benefi cial for diffusion of liquids 
through the system. [ 20 ]  Extraction of REEs was performed in a 
solid-liquid system, and distribution coeffi cients ( K  d ) [ 22 ]  from 
batch extraction tests were estimated. These new sorbents are 
stable upon recycling and show greater selectivity than com-
mercially available DGA-resins under the extraction conditions 
tested. Most importantly, we reveal a much higher affi nity of 
our sorbents for the separation of heavier lanthanides (i.e., 
yttric earths), being most relevant for the electronic industries.   

 2.     Results and Discussion  

 2.1.     Materials 

 The synthesis approach for the modifi ed KIT-6 materials is 
depicted in  Scheme    1   and details of the experimental protocol 
are found in the Experimental Section. Post-synthesis function-
alization of KIT-6 silica with the appropriate ligand was per-
formed according to a standard procedure in dry toluene under 
refl ux and N 2  atmosphere. [ 16 ]  Surface modifi cation was per-
formed, either in one-step, or two-step (step-by-step) sequence, 
yielding samples designated as KIT-6-N-DGA-1 and KIT-6-N-
DGA-2, respectively. 

   2.1.1.     Structural Characterization and Porosity Assessment 

 First, the mesoscopic 3-D pore organization of the function-
alized KIT-6 materials was verifi ed by transmission electron 

composite which included a DGA-derivative simply deposited 
(i.e., adsorbed) on a macroporous silica support (particle size 
between 40–60 µm, pores ≈ 600 nm). [ 14 ]  The choice of macropo-
rous silica was motivated by the fact that such a support could 
exhibit rapid sorption and elution kinetics, high mechanical 
strength and a reduced pressure loss in a packed column. 

 With the recent development of the area of ordered 
mesoporous materials, where silica structures with high surface 
area (≈1000 m 2  g −1 ), high pore volume (>1 cm 3  g −1 ) and well-
defi ned pore size in the nanometer range can easily be prepared 
in aqueous conditions by cooperative self-assembly, of inorganic 
precursors and amphiphilic structure-directing agents, [ 15 ]  it is 
legitimate to wonder if such nanoporous supports could provide 
enhanced separation and analytical performances. 

 These porous materials exhibit abundance of silanol groups 
on the mesopore surfaces, allowing for adequate functionaliza-
tion through chemical grafting, [ 16 ]  which would eliminate the 
leaching and cross-contamination observed in EXC. In addi-
tion, morphology and dimension of the particles can also be 
controlled. [ 17 ]  Furthermore, tailoring of pore size, pore shape 
and pore connectivity of these materials is possible in order 
to optimize adsorption and diffusion parameters, critical in 
liquid-solid separation processes. Such mesoporous materials 
were proven promising for chromatography applications in 
selective capture and removal of heavy metals and/or radio-
isotopes. [ 18 ]  In contrast to the previously reported macroporous 
system investigated for REEs separation, [ 14 ]  mesoporous mate-
rials exhibit exceedingly higher surface area allowing for a sub-
stantially enhanced adsorption capacity and high contact effi -
ciency. Moreover, such highly porous architectures may solve 
the problem associated to increasing backpressure of chroma-
tographic-based resins, as in the case of well packed chroma-
tographic columns with small particles sizes. It is known that, 
resolution of high-performance chromatographic-based resins 
is also related to the type of rigid support. [ 19 ]  

 Following our previous success with actinide adsorption, [ 20 ]  
we herein propose to use diglycolylamide (DGA)-modifi ed 

    Scheme 1.    One-step and two-step modifi cations of the surface of KIT-6 silica to generate the mesoporous rare-earth element (REE) sorbents. 
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mesostructure is shown to be commensurate with the  Ia 3 d  
symmetry, [ 20,21 ]  as expected for KIT-6 derived materials. High-
resolution SEM images of the functionalized hybrids (see 

microscopy (TEM), high-resolution scanning electron micro-
scopy (HR-SEM), and low-angle powder X-ray diffraction 
(XRD), as illustrated in  Figures    1  ,   2  . In all cases, the pore 

   Figure 1.    Representative TEM images for the a) KIT-6-N-DGA-1, b) KIT-6-N-DGA-2 sorbents, and c) low-angle powder XRD patterns of pristine and 
modifi ed materials. 

   Figure 2.    High-resolution SEM images (overviews and magnifi ed areas) of the a,b) organic-inorganic hybrid KIT-6-N-DGA-1 and c,d) KIT-6-N-DGA-2 sorbents. 
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 2.1.2.     Surface Characterization 

 To confi rm the covalent attachment of the organic species on 
the KIT-6 surface, solid state NMR, IR and thermogravimetric 
analyses were performed. Considering fi rst the two-step proce-
dure, the  13 C CP (MAS) NMR spectrum of KIT-6 which is fi rst 
modifi ed with amine groups, that is, KIT-6-N, showed presence 
of three peaks assigned to the methylene carbons in the amino-
propyl group [ 23 ]  linked to the silica surface ( Figure    3  ). The suc-
cessful modifi cation of KIT-6 silica with the DGA molecule was 
then validated by the presence of two additional bands in the 
 13 C CP/NMR spectra of the KIT-6-N-DGA-2 sample, in compar-
ison to KIT-6-N. These two bands appear at ≈ 68 and 170 ppm, 
and are characteristic of the CH 2  group linking the carbonyl 
group and ether oxygen; [ 24 ]  the former band is assigned to the 
amide bond in the DGA molecule. [ 25 ]  An additional peak at 
60 ppm assigned to remaining ethoxy groups in (-Si-O-CH 2 -
CH 3 ) [ 26 ]  is also clearly visible. In case of the one-step modifi -
cation (KIT-6-N-DGA-1), similar features are observed and the 
spectrum resembles that of KIT-6-N-DGA-2. Note that, the peak 
at 60 ppm is somewhat less pronounced for KIT-6-N-DGA-1. 
In the case of KIT-6-N-DGA-2, unreacted chlorine groups of 
diglycolyl chloride (DGACl) may be substituted by ethoxy spe-
cies upon washing with ethanol via esterifi cation (Scheme  1 ), 
and correspondingly, the  13 C NMR signal at 60 ppm could be 
more pronounced compared to KIT-6-N-DGA-1. In both cases, 
the absence of a band at ≈180 ppm (indicative of the presence 
of COOH or COCl groups) [ 27 ]  is in line with the structures 
proposed in Scheme  1  (DGA grafted by the two sides in KIT-
6-N-DGA-1). The two additional small bands that are visible 
on the  13 C NMR spectra of the DGA-modifi ed materials are 
spinning side-bands (see Figure  3 a). Covalent attachment 
of the DGA molecule was further confi rmed by  29 Si MAS 
NMR, which reveals in both cases signals originating from T  n   
groups associated to the silicon of the covalently grafted silane 
(Figure  3 b). The peaks at –66, –58, and –48 ppm are assigned 

Figure  2 ) confi rm that, although the materials have been sub-
jected to several grafting-Soxhlet sequences (see Experimental 
section), the ordered pore structure remains intact and, obvi-
ously, fully accessible from the outside surface of the particles, 
similarly to the parent pure silica. [ 21d ]    

 The physicochemical parameters derived from the N 2  sorp-
tion analysis are compiled in  Table    1   and the corresponding 
values for the specifi c surface area (BET), pore volume and 
pore size distribution (PSD) for the pristine and functional-
ized materials are shown in Figure S1 (SI; Supporting Infor-
mation). All of the modifi ed materials exhibit typical type IV 
isotherms with a well-pronounced capillary condensation step 
and distinctive H1 hysteresis loop, characteristic of large cylin-
drical mesopores. [ 21b ]  After anchoring of the organic ligand 
(DGA) on the silica support, the shape of the hysteresis loop 
is well maintained, but the capillary condensation step is obvi-
ously shifted to the lower values of relative pressure ( P / P  o ), 
indicative of a decrease in the pore size upon surface modi-
fi cation. This decrease in pore size is more pronounced for 
the material modifi ed by the two-step (step-by-step) procedure 
(KIT-6-N-DGA-2), that is, from 8.1 to 7.0 nm compared to 
the one-step procedure (KIT-6-N-DGA-1), that is, from 8.1 to 
7.6 nm. Similar evolution is observed for the surface area and 
pore volume; with KIT-6-N-DGA-2 exhibiting the lowest values 
(Table  1 ).    

  Table 1.    Physicochemical parameters obtained by N 2  physisorption 
measurements (–196 °C) for the different samples. 

Sample  S  BET  
[m 2  g −1 ]

 V  pore  
[cm 3  g −1 ]

Pore size 
[nm]

KIT-6 831 1.17 8.4

KIT-6-N 392 0.68 7.8

KIT-6-N-DGA-2 351 0.57 7.0

KIT-6-N-DGA-1 621 0.81 7.6

   Figure 3.    Solid state a)  13 C CP/NMR, b)  29 Si MAS NMR, and c) IR spectra for the different functionalized mesoporous materials. The two additional 
small bands visible on the  13 C NMR spectra of KIT-6-N-DGA-1 and -2 are spinning side-bands of the carbonyl peak ( 5, 5′ ). 
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the presence of the DGA organic moieties on the surface of 
the KIT-6-N-DGA materials (Figure S2, SI). Furthermore, we 
observed that the intensities of the peaks related to the amide 
bond [ 30,31 ]  visible in the DGA-modifi ed materials are higher and 
better resolved for the sample modifi ed through the one-step 
procedure, i.e., KIT-6-DGA-1, compared to the two-step proce-
dure, that is, KIT-6-N-DGA-2. These XPS data are in agreement 
with the above results from IR, NMR, and TGA.    

 2.2.     Extraction Studies 

 Extraction of REEs using the modifi ed KIT-6 materials was eval-
uated in terms of the  K  d  values ( K  d  – distribution coeffi cients; 
mL g −1 ) and compared with a commercially available DGA 
resin ( Figure    5   and SI, Figure S3).  K  d  were calculated by the fol-
lowing Equation  1  : [ 22b,    32 ,   33 ] 

 
d

i f

f
= − ×K

C C
C

V
m   

(1)
    

 Where,  C  i  and  C  f  are initial and fi nal concentration, respec-
tively; and  V  and  m  are volume of solution and mass of sorbent 
taken for the batch extraction tests, respectively. 

 As documented in the literature, the higher the  K  d  value, the 
better is the extraction capacity. [ 33 ]  Using the materials devel-
oped in the experimental setup a  K  d  of 500 would represent a 
retention of about 50% whereas a value of 5000 would translate 
in over 90% of the analyte retained on the resin. Results from 
the batch extraction tests, with a mixture of lanthanides, are 
shown in Figure  5 a as a function of  K  d  value versus the atomic 
number. The respective standard deviations are provided for 
these values of distribution coeffi cient ( K  d ) in Figure S3 (SI). 
From our results, it is obvious that the modifi cation of KIT-6 
with DGA enhances substantially the  K  d  value for lanthanides, 
as compared to the pure silica (KIT-6) or the amino-modifi ed 
precursor (KIT-6-N). Selectivity of Eichrom DGA resins for the 
different lanthanides has been documented. [ 22 ]  However, in 
comparison to such a resin, the uptake of REEs is signifi cantly 

to T 3  ((SiO) 3 Si-R), T 2  ((SiO) 2 (OR)Si-R) and T 1  ((SiO)(OR) 2 Si-R) 
species, respectively. [ 28 ]   

 Nevertheless, KIT-6-N-DGA-1 possesses almost equal ratio of 
T 3  and T 2  species, while the material modifi ed by the step-by-
step procedure showed dominance of T 2  groups. It is thus evi-
dent that the two different modifi cation procedures lead to dis-
tinct anchoring environments for the grafted DGA species on 
the silica surface (Scheme  1 ). The presence of the amide bond 
in the modifi ed hybrid solids was also confi rmed by the bands 
visible at 1657 and 1550 cm −1  in the FTIR spectra, which are 
characteristic for Amide I (CO stretching) and Amide II band 
(NH deformation, CN stretching), respectively (Figure  3 c). [ 29 ]  In 
addition, KIT-6-N-DGA-2 also showed the presence of a second 
carbonyl band (CO stretching), which is in agreement with the 
different DGA structures of the grafted species as suggested in 
Scheme  1 . 

 Thermogravimetric analysis (TGA) of both DGA-mod-
ifi ed materials indicates a total weight loss at about 24% 
( Figure    4  ). The thermal decomposition of the functionalized 
sorbents occurred in the interval of temperatures between 
150 and 650 °C. A broad exothermic effect attributed to the 
decomposition of DGA was observed between 340 and 360 °C. 
A slight shift to lower temperatures (345 °C) was observed 
for KIT-6-N-DGA-2, compared to the one-step KIT-6-N-DGA-1 
sample (356 °C), which might be correlated to residual “free” 
-NH 2  groups on the surface of KIT-6-N-DGA-2 (in agreement 
with the lower temperature peak at 310 °C observed for KIT-
6-N). The amounts of carbon, nitrogen and hydrogen for all 
modifi ed samples were obtained by CHN elemental analysis 
and the respective values are given in Table S1 (SI). For both 
DGA-functionalized samples, the contents in these elements 
are similar. Moreover, the Mohr’s method was used to deter-
mine chlorine concentration in both KIT-6-N-DGA samples, 
and the calculated values are given in Table S1 (SI). The lack 
of residual chloride ions in both samples further corroborates 
a complete substitution of the chlorine atoms in the diglycolyl 
chloride molecule (DGACl).  

 X-ray photoelectron spectroscopy (XPS) analyses which were 
performed on the functionalized materials also confi rmed 

   Figure 4.    a) The differential thermal analysis (DTA) and b) thermogravimetric analysis curves of the DGA-modifi ed KIT-6 silica samples (as indicated). 
The arrow in the DTA graph indicates direction of exothermic process. 
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signifi cantly higher extraction capacities were observed towards 
REEs, indicating a low degree of competition to the chelating 
sites for these cations. Surprisingly, the extraction capacities for 
Al 3+  and Fe 3+  using the impregnated (commercial) DGA resin 
were higher than for REEs, which highlights a crucial role of 
the silica support with anchored DGA in the extraction process. 
Moreover, decontamination of REEs from radioactive side prod-
ucts, such as U and Th, is one of the key issues and challenge 
in REEs extraction. According to our results in Figure  5 b, sepa-
ration factors (SF) that allow for the effi cient and commercially 
profi table separation of Th and U from REEs [ 34 ]  were obtain 
only for the one-step KIT-6-N-DGA-1 material, with Eu/Th = 6.3 
and Eu/U = 3.4, respectively. 

 At present, one may speculate that the selective extrac-
tion trend observed for the KIT-6-N-DGA materials is due to a 
combination of steric effects and electrostatic interactions that 
may be more pronounced in the presence of the solid support 
than in liquid phase. The present results establish that the 
rigid structure of the KIT-6 material could provide a favorable 
geometry of the organic functionalities for complexing trivalent 
metal ions through two carbonyl oxygen atoms and the ether 
oxygen, thus forming more stable chelate rings. [ 35 ]  Further, it is 
reasonable to assume that the silica skeleton limits the degree 
of liberty of the ligands which are immobilized on the surface, 
favoring chelation of ions of a certain radius range only (i.e., 
85–97 pm).  

 2.2.1.     Reusability Test 

 Commercial extraction resins are plagued with issues such as 
their lack of reusability and the elution of organic extractant/
stationary phase. In comparison, grafting DGA on KIT-6 silica 
affords much more robust materials. Cycling tests for the REEs 
extraction were performed in the case of KIT-6-N-DGA-1, to 
probe the regeneration ability of our systems. From  Figure    6  , it 
is evident that the KIT-6-N-DGA sorbents can be reused, indica-
tive of the excellent stability of the organic ligands on the silica 
surface. The stability of the organic moieties after extraction 
was also confi rmed by TGA and solid state NMR (Figure S4, 
SI). No signifi cant changes in both the amount and the integrity 

improved using the KIT-6-N-DGA materials, and their  K  d  
values are several times higher than those of the commercial 
counterpart. [ 33 ]  

 Most importantly, the KIT-6-N-DGA samples clearly express 
different selectivity toward lanthanides as a function of atomic 
radiuses, being much higher than that of the commercial resin 
(see Figures  5  and SI, Figure S3). A change in selectivity is 
clearly more pronounced for the one-step KIT-6-N-DGA-1 mate-
rial. In contrast to the commercial DGA resin, the maximum 
selectivity for the KIT-6-N-DGA-1 sorbent is shifted to REEs 
with slightly lower atomic numbers, and the maximum  K  d  value 
( K  d  = 6856 mL g −1 ) is obtained for Eu ( Z  = 63). In comparison, 
standard DGA-based resins showed a maximum  K  d  value for 
Er in the conditions tested, but otherwise exhibit maximum  K  d  
value for Tm and Lu (in 0.5  M  and 0.05  M  HNO 3 , respectively) 
in the case of TODGA (N,N,N′,N′-tetra-n-octyldiglycolamide; 
Normal DGA Resin) or for Ho (1  M  HNO 3 ) using the TEHDGA 
(N,N,N′,N′-tetrakis-2-ethylhexyldiglycolamide; Branched DGA 
Resin). [ 22 ]  

 Comparing the uptake of lanthanides between the dif-
ferent DGA-modifi ed KIT-6, the much higher  K  d  values and 
selectivity ( K  d  for elements with atomic number in the range 
57-64) observed for KIT-6-N-DGA-1 might suggest a more uni-
form dispersion the DGA molecules, in comparison to the 
two-step material, and/or more favorable ligand structure (see 
Scheme  1 ). In addition, differences between these two materials 
can also originate from the presence of residual -NH 2  groups 
on the surface of KIT-6-N-DGA-2, which are absent in KIT-6-
N-DGA-1. Primary amines are known to be excellent Lewis 
base for coordinating REEs, however with no size specifi city 
(as otherwise provided by chelation of DGA) leading to poorer 
selectivity. Nevertheless, the distinct selectivities obtained for 
the two sorbents suggest that it is possible to further fi ne tune 
the ligand environment on the surface in order to target each 
lanthanide with high specifi city. Further studies are needed to 
achieve a single-REE-selective ligand design with optimized 
surface environment. 

  K  d  values for all REEs in the presence of trivalent competing 
ions of environmental and mining relevance, that is, Al 3+ , Fe 3+ , 
are presented in Figure  5 b. For both KIT-6-N-DGA samples, 

   Figure 5.    Distribution coeffi cients ( K  d ) values for the functionalized hybrid materials and the commercial DGA-resin, as a function of the atomic 
number  Z : a) K d  for a mixture of all the lanthanides; b) Competitive  K  d  values for REEs in the presence of aluminum, iron, thorium and uranium in the 
extraction mixture. For the standard deviations (error bars) of the analyses, see the corresponding extended Figure S3 in SI. 
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99%) was added at once to the homogenous clear solution. The molar 
composition of the starting reaction mixture was TEOS/P123/HCl/H 2 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 48 h under static 
conditions. The resulting solid product was then fi ltered and dried for 
48h at 100 °C. For template removal, the as-synthesized silica powder 
was fi rst shortly slurried in ethanol-HCl mixture and the resulting 
material was subsequently calcined at 550 °C for 2 h.  

  One-Step Modifi cation Procedure (KIT-6-N-DGA-1) : For the one-
step modifi cation of KIT-6, fi rst a DGA derivative of the aminosilane 
was prepared. The synthesis is briefed as follows: 2 mL (8.5 mmol) 
of (3-aminopropyl)triethoxysilane (APTS, Sigma-Aldrich, 98%) was 
added to 20 mL of dry toluene under inert atmosphere (N 2 ) and refl ux 
conditions. After that, 0.46 mL (3.8 mmol) of diglycolyl chloride (DGACl, 
Sigma-Aldrich, 95%) was dissolved in 30 mL of dry toluene and added 
at once to the solution of APTS. Triethylamine (TEA, Alfa Aesar, 99%) 
was added as a catalyst (1.2 mL). The resulting mixture was left under 
stirring for 24 h under refl ux conditions and N 2  fl ow. This mixture of the 
modifi ed silane was then used without further purifi cation. Note that, 
the structure of the modifi ed silane was confi rmed by liquid  1 H NMR 
(see SI). 

 For the surface modifi cation of KIT-6 silica, 1 g of activated KIT-6 
material (treated overnight at 150 °C under vacuum) was dispersed 
in 50 mL of dry toluene, under inert atmosphere (N 2  fl ow). Then, a 
catalytic amount of triethylamine (TEA, Alfa Aesar, 99%) was added 
to the suspension of KIT-6 silica, and the above solution of the DGA-
modifi ed silane was added at once to this suspension, under inert 
atmosphere. The resulting mixture was left under stirring for 24h under 
refl ux conditions. After cooling to room temperature, the suspended 
solid product was fi ltered, washed thoroughly with toluene and ethanol 
three times, and then dried at 70 °C overnight in air. Un-reacted silane 
molecules were removed by Soxhlet extraction in dichloromethane for 
6 h. The resulting product was noted as KIT-6-N-DGA-1.  

  Two-Steps (Step-by-Step) Functionalization (KIT-6-N, KIT-6-N-DGA-2) : 
For the surface modifi cation of KIT-6, 1 g of activated KIT-6 material 
(treated overnight at 150 °C under vacuum) was dispersed in 75 mL of 
dry toluene, in inert atmosphere (N 2  fl ow). Then, 2 mL of (3-aminopropyl)
triethoxysilane (APTS, Sigma-Aldrich, 98%) was added at once to the 
dispersion. The resulting mixture was left under stirring for 24 h under 
refl ux conditions. After cooling to room temperature, the suspended solid 
product was fi ltered, washed thoroughly with toluene and ethanol three 
times, and then dried at 70 °C overnight in air. Unreacted aminosilane 
molecules were removed by Soxhlet extraction in dichloromethane for 
6 h. The resulting material was designated as KIT-6-N and used for the 
subsequent functionalization step, in which diglycolyl chloride (DGACl, 
Sigma-Aldrich, 95%) was introduced. For this modifi cation step, 0.5 g of 
the activated KIT-6-N material (treated overnight at 70 °C under vacuum) 
was dispersed in 50 mL of dry toluene, under inert atmosphere (N 2  fl ow). 
Then, diglycolyl chloride (DGACl, Sigma-Aldrich, 95%) was dissolved in 
10 mL dry toluene and added at once to this dispersion. The resulting 
mixture was left stirring for 24 h under refl ux conditions. After cooling 
to room temperature, the suspended solid product was fi ltered, washed 
thoroughly with toluene and ethanol three times, and then dried at 70 °C 
overnight in air. Unreacted diglycolyl chloride molecules were removed by 
Soxhlet extraction in dichloromethane for 6 h. The resulting product was 
noted as KIT-6-N-DGA-2.   

  Materials Characterization : N 2  adsorption-desorption isotherms were 
measured at –196 °C (77 K) using an Autosorb-1-MP sorption analyzer 
(Quantachrome Instruments, Boyton Beach, Fl, USA). Prior to the 
analysis, the samples were outgassed for 12h at 200 °C (parent silica) or 
at 80 °C for 8 h (functionalized sorbents), under turbomolecular pump 
vacuum. These degassing conditions were chosen in order to preserve 
the integrity of the organic moieties in the organosilica materials, as 
implemented previously. [ 20,36 ]  The specifi c surface area ( S  BET ) was 
determined using the Brunauer-Emmett-Teller equation in the range 
0.05 ≤ P / P  0  ≤ 0.20, and the total pore volume ( V  pore ) was measured at 
 P / P  0  = 0.95. Pore size distributions were calculated from the desorption 
branch using nonlocal density functional theory (NLDFT) methods 

of the organic groups in the used material could be seen after 
REEs extraction.      

 3.     Conclusions 

 In summary, we have reported the fi rst examples of mesoporous 
diglycolamide-modifi ed KIT-6 hybrid materials, obtained by a 
controlled ligand grafting on the silica support (KIT-6), to be 
used for extraction/separation of lanthanides. One-step and 
two-steps grafting procedures could generate materials exhib-
iting distinct bonding capacities, which could be related to 
favorable geometries achieved during synthesis. In particular, 
the sample prepared through the one-step method, that is, 
KIT-6-N-DGA-1, clearly showed much higher extraction per-
formances than commercial resins. It also exhibited specifi city 
towards Eu and Gd and low competitive behavior with other 
non-lanthanide trivalent ions and actinides, which are problem-
atic for the commercial extraction of REEs. Effi cient reusability 
of the materials was also demonstrated. One objective with 
this new system will be to minimize as much as possible the 
number of extraction steps used for the purifi cation of REEs. 
Functionalized nanoporous materials possessing high surface 
area and high pore volume can offer high contact effi ciency 
with solutions and high adsorption capacities, while preserving 
adequate fl ow and transport properties, if properly structured. 
Using such materials may indeed enable us to reduce substan-
tially the number of steps needed for separation of these critical 
elements, and thus decrease both the required time and waste 
production.   

 4.     Experimental Section 
    Synthesis of Ordered Mesoporous KIT-6 Silica : High quality KIT-6 

silica was obtained following the procedure reported by Kleitz et al. [ 21a ]  
Briefl y, 9.0 g of Pluronic P123 (EO 20 PO 70 EO 20 , Sigma-Aldrich) was 
dissolved in 325 g of distilled water and 17.40 g HCl (37%) was added 
under vigorous stirring. After complete dissolution, 9.0 g of n-butanol 
(BuOH, Aldrich, 99%) was added. The mixture was left under stirring 
at 35 °C for 1 h, after which 19.35 g of tetraethoxysilane (TEOS, Acros, 

   Figure 6.    Reusability tests for the KIT-6-N-DGA-1 sorbent (batch extrac-
tion is performed using a mixture of all the lanthanides). 
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the low-angle powder XRD data and high resolution SEM images of the 
samples.   

considering sorption of nitrogen at –196 °C in cylindrical silica pores. [ 21c ]  
Thermogravimetric analysis-differential thermal analysis (TG-DTA) was 
performed using a Netzsch STA 449C thermogravimetric analyzer, 
under the air fl ow of 20 mL min −1  with a heating rate of 10 °C min −1 . 
Solid state MAS NMR spectra were obtained on a Bruker DRX300 MHz 
spectrometer. The  29 Si MAS NMR spectra were measured at 59.60 
MHz using 7 mm rotors spinning at 4 kHz. The 75.4 MHz  13 C CP-MAS 
spectra were recordered using a 7 mm rotor spinning at 4 kHz. The 
chemical shifts are reported in ppm relative to tetramethylsilane (TMS) 
for  29 Si and relative to adamantane for  13 C. FTIR spectra were recorded 
using a Nicolet Magna FTIR spectrometer with a narrow band MCT 
detector (Specac Ltd., London). Spectra were obtained from 128 scans 
with a 4 cm −1  resolution. Transmission electron microscopy (TEM) was 
performed using a JEOL JEM 1230 at an accelerating voltage of 80 kV 
with a LaB 6  fi lament. For the specimen preparation, the powders were 
dispersed in methanol and sonicated during 15 min in a sonic bath. 
Then, 5 µL of the suspension were placed onto a nickel/Formvar grid 
and allowed to dry before measurements. Scanning electron microscopy 
(SEM) images were obtained with a FEI Magellan 400 at a low landing 
energy (1.0 kV), without metal coating (KAIST, Daejeon, Republic of 
Korea). X-ray photoelectron spectroscopy (XPS) measurements were 
conducted on a Kratos AXIS-ULTRA spectrometer with a monochromatic 
Al X-ray source operated at 300 W. Survey scans were recorded with 
a passing energy of 160 eV and incremental steps of 1 eV. Low-angle 
powder X-ray diffraction (XRD) patterns were recorded on a Rigaku 
Multiplex instrument operated at 2 kW, using Cu Kα radiation (KAIST, 
Daejeon, Republic of Korea). The 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 Scientifi c. 

  Extraction Experiments and Reusability Tests : Batch extraction tests: 
Solutions of REEs (Sc, Y, La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, 
Yb, Lu) and additional ions, that is, Al, Fe, Th, and U in HNO 3  (pH = 4) 
were prepared from the standards solutions (Plasma, Cal, SCP Science), 
in order to obtain the fi nal concentration of extraction solution of 
2 µg L −1  for each element tested. A solution of 2 µg L −1  of Tl was chosen 
as the internal standard. The commercial DGA resin was purchased 
from Eichrom (N,N,N′,N′-tetra-n-octyldiglycolamide Resin; DGA Resin-
Normal; USA Lisle, IL). The solution/solid ratio was fi xed to 500 (V/m). 
The samples (10 mg) were stirred in an orbital shaker for 30 min and 
subsequently the supernatant was fi ltered through a 0.2 µm syringe 
fi lter. All experiments were done three times and the average values 
are given. The initial and fi nal concentrations of the REEs in solutions 
were determined by ICP-MS (ICP-MS-8800, Agilent Technologies, Triple 
Quad) measurements. 

  Sorbent Reusability Studies : after 30 min of extraction test, the 
extraction solution of REEs was separated from the KIT-6-N-DGA-1 
material (30 mg) by centrifugation (the solution/solid ratio (V/m) 
during the extraction procedure was fi xed to 500). The un-retained 
REEs fraction was collected and analyzed by ICP-MS. Subsequently, the 
sorbent was rinsed with 10 mL of 0.1  M  (NH 4 ) 2 C 2 O 4  and 10 mL of high 
purity water. The material was then reconditioned using 4% HNO 3  and 
was used in subsequent extraction tests by repeating the procedure 
above-mentioned to achieve 5 extraction-elution cycles.  
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 Supporting Information is available from the Wiley Online Library or 
from the author.  
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