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Aminopropyl groups and glucose molecules were sequen-
tially grafted on mesoporous silica (ca. 5 nm in diameter) to syn-
thesize a glucamine group analogue in the nanospaces. The
grafted nanocomposite material showed a high capacity for ad-
sorption of boric acid/borate from water.

Grafting of organic groups on inorganic porous materials is
a powerful method for creating organic–inorganic nanostruc-
tures with new functions.1–4 Recent studies successfully func-
tionalized nanometer-sized pores of mesoporous silicas
(MCM-41 or FSM-16)5,6 as catalysts,7,8 photo-controllable mo-
lecular storage material,9 materials for molecular recogni-
tion,10,11 molecular selective photocatalysts for organic pollu-
tants,12 and heavy metal ion adsorbents.13–16 To develop adsorb-
ents for ions such as Hg2þ, Cd2þ, and CrO4

2�, researchers have
grafted small functional groups such as mercaptopropyl and ami-
nopropyl groups on mesoporous silicas. It is expected that it will
be difficult to uniformly graft large functional groups in the
nanospaces because of the limited diameter of the pores.

Boron is recognized as a harmful element and new adsorb-
ents need to be developed for purification of water. It is known
that N-methyl-D-glucamine resins adsorb boric acid/borate in
water. Recent precise investigation by Yoshimura et al.17 re-
vealed that the N-methyl-D-glucamine groups act in a bifunction-
al way, in which the ‘‘glucose’’ part forms chelate complexes
with boron species forming C–O–B bonds and the methylamine
part buffers the pH inside the resin. Therefore, both the ‘‘glu-
cose’’ and ‘‘methylamine’’ parts are indispensable for the adsorb-
ent. However, direct grafting of N-methyl-D-glucamine into the
nanospaces of mesoporous material would be difficult due to the
bulkiness of the group, and there have been no reports on such a
material.

Here we report for the first time the synthesis and perform-
ance of a boric acid/borate adsorbent based on organo-grafted
mesoporous materials. A bulky glucamine group analogue was
introduced in nanospaces by a two-step procedure. First the ami-
no part was anchored on the mesoporous silica, and then glucose
molecules were grafted on the amino groups to form a large
functional group. This two-step synthesis allowed us to anchor
a large amount of the bulky glucamine analogue in the nanospa-
ces of mesoporous silica. The material showed a high perform-
ance for removal of boric acid/borate anion from aqueous
solutions.

Mesoporous silica, HMS, was prepared using n-octadecyl-
amine as a template according to the procedure described by
Pinnavaia et al.13,14,18 1 g of HMS (dehydrated at 473K) was
added to a solution containing 0.02mol of 3-aminopropyltri-
ethoxysilane and a 30 cm3 of freshly distilled toluene, and the re-

action mixture was refluxed for 48 h. The solid was separated by
filtration, washed with toluene and then methanol in an Ar-filled
glove box (H2O was kept less than 1 ppm to prevent undesired
reactions of the excess silane). This material is designated by
N-HMS. Grafting of glucose molecules onto the aminopropyl
groups was carried out in an ethanol solvent: 0.3 g of N-HMS
was added to a solution that contained 1 g of D-glucose and
60 g of ethanol at ambient temperature, under stirring. After
40min of reaction, the solid was filtered and was dried in ambi-
ent atmosphere to obtain ‘‘glucamine’’-grafted HMS (designated
by G-N-HMS). The reaction scheme is shown in Scheme 1. For
comparison, purely siliceous MCM-41 and non-porous silica
(Aerosil 200) were used instead of HMS. These materials are
denoted by N-MCM-41 (aminopropyl-grafted MCM-41) and
G-N-SiO2 (‘‘glucamine’’-grafted Aerosil 200). The preparation
of MCM-41 was described elsewhere.10c Each product was ana-
lyzed by N2 adsorption (77K), elemental analysis of C, H, and
N, and IR spectrometry. For boron adsorption measurements,
150mg of sample was typically added to 30 cm3 of boric acid
aqueous solution (10 ppm as boron, pH = ca. 6). After standing
for enough time to equilibrate the adsorption (ca. 2 h), the resid-
ual boron in the solution was measured by ICP analysis.

Figure 1 shows N2 adsorption isotherms of the organo-graft-
ed samples prepared from HMS andMCM-41. For both mesopo-
rous silicas, the sequential grafting of aminopropyl groups and
glucose molecules brought about step-by-step decreases in pore
volumes and pore diameters, demonstrating that the organic
groups were grafted into the nanospaces. Table 1 lists some
properties derived from the N2 isotherms of these samples.
G-N-HMS showed considerable N2 adsorption and the pore
volume was 0.52 cm3 g�1, showing that large spaces were left
in the nanopores after the grafting of glucose. On the other hand,
G-N-MCM-41 showed very low N2 adsorption and no capillary
condensation in the isotherm. This means that nanospaces are
blocked up at 77K by the organic moiety in G-N-MCM-41.
The differences between G-N-HMS and G-N-MCM-41 are
attributable to the difference in pore size between HMS and
MCM-41.

The amounts of aminopropyl groups and glucose molecules
in the nanocomposite materials were able to be determined by
the elemental analysis: The amounts of aminopropyl groups
were directly estimated from the nitrogen contents. The glucose
contents were calculated from the increases in carbon contents
arising from the glucose grafting. The results of the elemental
analysis are shown in Table 1. Among the samples synthesized

Scheme 1.
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in this study, G-N-HMS had the largest amount of grafted glu-
cose. G-N-SiO2 had a smaller amount of grafted glucose because
of its lower surface area. These results demonstrate that HMS is
a suitable organic framework for preparing the glucamine ana-
logue nanocomposite by the sequential grafting method.

The results of the boron adsorption experiments are also list-
ed in Table 1. G-N-HMS showed a large boron anion adsorption
capacity. This is the first example of a good boric acid/borate ad-
sorbent based on organo-grafted mesoporous materials. Note
that the aminopropyl-grafted samples (N-HMS and N-MCM-
41) showed no adsorption, indicating that the formation of
‘‘glucamine’’ groups is indispensable for adsorption of the boron
species. The adsorption capacities of G-N-MCM-41 and G-N-
SiO2 were smaller than that for G-N-HMS due to the smaller
amount of grafted glucose in these samples.

In conclusion, we synthesized, for the first time, a good bor-
on adsorbent using organo-grafting on mesoporous materials.
The sequential grafting of aminopropyl groups and glucose
molecules in mesoporous silica was proved to be advantageous
for grafting the large functional groups, the glucamine ana-
logues, into the nanospaces. Although the adsorption performan-
ces of these materials did not exceed that of N-methyl-D-gluca-
mine resins in practical use (ca. 5� 10�4 mol g�1), this study
highlights that grafting of large functional groups into mesopo-
rous materials by sequential grafting methods is a promising
strategy for developing new nanostructured adsorbents.
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Figure 1. N2 adsorption isotherms for mesoporous silicas and
organo-grafted nanocomposite samples.

Table 1. Properties and adsorption performances of the nanocomposite materials prepared in this study

Sample
BET surface

area
/m2 g�1

Pore volume
/cm3 g�1

Pore diameter
/nm

Grafted amine
/10�4 mol g�1

Grafted glucose
/10�4 mol g�1

Organic group
surface density
/molecule nm�2

B adsorption
/10�4 mol g�1

HMS 526 0.97 5.3 — — — 0 (10)a

N-HMS 472 0.82 4.1 13 — 1.7 0 (10)
G-N-HMS 400 0.52 3.3 13 9.7 1.7 1.7 (1.7)
MCM-41 920 0.83 2.7 — — — 0 (10)
N-MCM-41 650 0.53 1.5 12 — 1.3 0 (10)
G-N-MCM-41 60 — — 11 7.7 1.3 1.1 (8.4)b

G-N-SiO2 200c — — 4.6 4.5 1.4 0.6 (6.2)
aThe values in parentheses show the equilibrium concentration as boron in ppm. bAdsorbent, 50mg. cSurface area of the silica.
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