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Novel nanoporous hybrid organic-inorganic silica with
covalently bound iminodiethanol chelating groups inside the
channel pores has been synthesized by template-directed co-
condensation of tetraethoxysilane (TEOS) and organo-
trimethoxysilane (CH;0)3SiR [IDES, R
(HOCH,CH,),NCH,CH(OH)CH,O(CH>);], and is shown
to be very efficient in recovery of germanium and antimony
oxides from water.

Inthe past few years, anew family of ordered mesoporoussilica
materials, MCM-41 and related transition-metal oxide ana-
logues, has attracted wide attention due to their high surface
areaand well-ordered porous structures.1-5 However, the purely
inorganic materials formed by this procedure have limited
applications in environmental and industrial process due to the
lack of organic functional groups. A second generation of
materials containing organic groups on the surfaces of nano-
porous or mesoporous silicas was produced by grafting or
anchoring of organic guests onto the pore channel surface® or by
the direct incorporation of organic groupsthrough co-condensa-
tion of organotrialkoxysilanes.”8 However, only afew organic
chelating functional groups such as mercaptyl,”8 ethylenedia-
mine,® or cyclam moiety1© have been covalently incorporated
into the nanoporous or mesoporous silicas up to now.
Iminodiethanol (IDE) has been shown to be an efficient
chelate-forming group for germanium and antimony oxides.11
Here, we report the successful incorporation of IDE chelating
groups into nanoporous silica through covalent bonds by co-
condensation of varying molar ratios of TEOS and IDE-
containing (HOCH,CH>),NCH,CH(OH)CH,0O(CH.)sSi-
(OCH3); (IDES) in the presence of a structure-directing
surfactant,  cetyltrimethylammonium  bromide (CTABTI)
(Scheme 1). We show that the nanoporous material IDESP-5%
is extremely efficient in recovery of germanium and antimony
oxides. The chelating precursor IDES was synthesized from the
reaction of an epoxy group-containing 3-(2,3-epoxypropox-
y)propyltrimethoxysilane with diethanolamine in isopropanol.
In atypical synthetic procedure for nanoporous hybrid silica
(IDESP-5%), the molar ratio of the mixture was: IDES : TEOS
:H>O :NaOH : CTABr = 0.05:0.95:130:0.5:0.12. 7879
of CTABr (Aldrich) was dissolved in a solution of 3.96 g of
NaOH and 346.68 g of high purity water. The solution was
stirred at 40 °C for 30 minin aclosed flask. 35.6 g of TEOS and
3.55 g of a mixture of IDES (3.1 g) and isopropanol (0.45 g)
were added to the solution. The solution was stirred for 24 h at
room temperature, and cured for an additional 24 hat 80°C. The
solid product was collected by filtration, washed thoroughly
with high purity water and methanol, and air-dried under
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Scheme 1 Synthesis of iminodiethanol chelating group-containing IDESP
materials.
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ambient conditions. The extraction of the surfactant template
was performed by stirring a suspension of the solid product (8.9
g) in amixture of methanol (1500 g) and concentrated HCI (89
g) a 50 °C for 2 h. The surfactant-extracted material was
filtered, washed with copious amounts of methanol and dried
for 24 h a 80 °C in vacuo.

The nature and extent of |DE chelating moiety incorporation
into the nanostructured materials were determined by solid state
13C and 2°Si NMR of the as-synthesized and surfactant-
extracted IDESP materials. The C-O and C-N carbon reso-
nances are found in the region 6 50-80, and the S—C and Si—C—
C carbon resonances are found at § 8.8 and 21.2, respectively,
in the solid state 13C NMR spectrum of the surfactant-extracted
IDESP-5% material (Fig. 1). The surfactant resonances dis-
appeared and the chelating group resonances increased in
intensity from IDESP-5% to IDESP-20%. The solid state 29Si
NMR spectra of IDESP-10% and |DESP-20% samples show a
broad signal at § —61.9 attributed to T3 (CSiO3) substructures,
aswell astwo other signals at 6 —100.6 and —110.1 attributed
to Q3 and Q* substructures, respectively. The increasing
intensity of the T3 peak from IDESP-5% to IDESP-20% is
consistent with the increasing proportion of IDES units. These
results indicate that IDES chelating groups can be covalently
linked into silica structures by co-condensation in the presence
of surfactant templates, and the chelating functional groups
remain intact after surfactant extraction.

The nitrogen adsorption—desorption isotherm of IDESP-5%
(Fig. 2) isof atype | isotherm, indicating that the pore size of
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Fig. 1 Solid state 13C NMR spectrum of surfactant-extracted |DESP-5%
material.
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Fig. 2 Nitrogen adsorption—desorption isotherms of (a) IDESP-5% and (b)
IDESP-20% materials.
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thismateria isin the nanopore ranges. The IDESP-5% material
has a BET surface areas of 825 m2 g—1 (Table 1) with anarrow
pore size distribution centered at 1.94 nm calculated from the
desorption branch by the BJH method (Fig. 3). However, the
IDESP-20% materia hasavery low surface areaof 7.6 m2g—1,
indicating that it is a nonporous material.

Table 1 displays the physical and surface properties of the
IDESP materials obtained from their small angle XRD patterns
and nitrogen isotherms. The powder XRD pattern of the
surfactant-extracted IDESP-5% materia (Fig. 4a) showed a
single peak at 2.7 nm, which indicates some degree of structural
correlation because of the uniformity of the pore channel
diameters. However, the powder XRD pattern of the surfactant-
extracted IDESP-20% material (Fig. 4b) did not show an
apparent peak in the small angle region, indicating the
disappearance of uniform nanopores in accordance with the
nonporous feature of IDESP-20% measured from the nitrogen
isotherm.

The adsorption properties of the nanoporous IDESP-5%
material for germanium and antimony oxides were studied at
different germanium and antimony concentrations in water

Table 1 Physical and surface properties of surfactant-extracted IDESP
materials

d Spacing BET Surface Nanopore
Sample from XRD (hm) arealm2 g—1 diameter/nma
IDESP-5% 2.7 825 1.94
IDESP-20% — 8 —

a Calculated from the adsorption branch by the BJH method.
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Fig. 3 Pore size distribution plot of IDESP-5% material.
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Fig. 4 Powder X-ray diffraction patterns of (a) IDESP-5% and (b) IDESP-
20%.
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Table 2 Analyzed concentrations of germanium and antimony ions in
aqueous solutions before and after treatment with IDESP-5% materiala

Metal Initial solution Solution after treatment
concentration

(ppm) 1 2 3 1 2 3

Ger+ 0.6 7.8 — 0.002 0.04 —
Sh3+ — — 05 — — <0.002

aExperimental conditions: 0.1 g of IDESP-5% in 10 mL of agueous
solution, 2 h, room temperature.
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Fig. 5 Changes of germanium concentrations as a function of time in the
sorption reaction of IDESP-5% material. Initial Ge concentration: 0.6 ppm
in pH = 4 HCI aqueous solution, 10 mL solution, 0.1 g polymer.

(Table 2). It can be seen from Table 2 that a single treatment
with IDESP-5% material reduces antimony concentration to
well below 2 ppb. The germanium oxide could be reduced from
0.6 ppm to about 2 ppb, and from 7.8 ppm to about 40 ppb when
treated with IDESP-5% material. The sorption kinetics of
IDESP-5% material with germanium oxide (Fig. 5) indicates
that this nanoporous chelating materia could adsorb 98% of
germanium from water in 10 min, and even more than 99% in
2 h. These adsorption results show that the iminodiethanol
chelating group-containing nanoporous hybrid material IDESP-
5% isideal for the recovery of trace amounts of germanium and
antimony ions from large volumes of environmental waters.
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