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MCM-48 is functionalized with mono-, di-, and triamino-silanes without destruction of the mesoporous structure in order
to efficiently remove chromate and arsenate in aqueous solutions. The adsorption capacities achieved 160 and 182 mg/g-
adsorbent for chromate and arsenate, respectively, when triamino-functionalized MCM-48 was applied. The diamino-
functionalized MCM-48 adsorbed much larger amounts of chromate and arsenate: 119 and 122 mg/g-adsorbent, respectively,
than did diamino-functionalized fumed silica: 79.3 and 90.7 mg/g-adsorbent. The superiority arose from the large surface area
of functionalized MCM-48. At the adsorption saturation, no clear difference was found in oxyanion/N stoichiometries among
the mono-, di-, and triamino-functionalized MCM-48. On the other hand, the distribution coefficient, K4, depended on the kind
of silane fixed on MCM-48. It exceeded 2 x 10° when the concentration of oxyanions was low. The adsorbent by triamino-
silylation showed the largest K; it was three or ten times higher than that of the adsorbent by monoamino-silylation for arsenate
and chromate adsorptions, respectively. Although the adsorption capacity of diamino-functionalized MCM-48 was reduced to

be 47% at 50 °C, it still adsorbed a large amount of arsenate.

The exposure to toxic oxyanions such as arsenate and chromate
in groundwater is a rising environmental problem. The chronic
toxicity of arsenate has been reported as causing the emergence of
blackfoot disease in Taiwan'?* and of various cancers in
Bangladesh.> Chromium has been used in electroplating and
tanning industries and untreated effluents from such industries
pollute the groundwater.*> A simple solution is necessary for the
water supply in well-dependent societies. Adsorption on solid
surfaces is considered to be an effective method. The adsorption
uptakes of arsenates have been investigated for metal-impreg-
nated activated carbon,®® coral limestone,” lanthanum com-
pounds,'® iron(l) (hydr)oxides,''"'* iron,"” active alumina,'
clays,!” various biological products,'®?' bentonite,”> and
biomass.>>»  Conventional porous solids, such as coconut
coir,”® zeolite,””? and clay minerals,®® modified with amines
have been applied to the removal of chromate and arsenate. These
composite materials have not always shown successful results.
The required properties of the ideal adsorbent are uniformly
accessible pores, high density of adsorption sites and environ-
mental adaptability.

The mesoporous molecular sieves synthesized with the aid of
micelle templates’* have shown huge surface areas, well
ordered periodic structures, and controllable pore size by varying
the template molecule and/or using additives such as
trimethylbenzene 3¢  These characteristics of mesoporous
molecular sieves are attractive in seeking the adsorbents working
in the environment. Since the specific adsorption of oxyanions is
not expected on silica surfaces, the surface must be functionalized
to achieve a meaningful absorption capacity. The adsorption of
toxic cations has been already explored for functional groups

fixed on mesoporous silicas. The divalent cations, Cu>*, Zn>*,
Cr?t, and Ni?*, are adsorbed on amino-functionalized SBA-15
while Hg?* is preferably adsorbed on thiol-functionalized SBA-
1537 The mercury adsorption on the thiol-functionalized
mesoporous silicas has been intensively studied.*!

Unlike cation adsorptions, the studies on anion removal by
functionalized mesoporous silicas are relatively rare. We have
demonstrated that the amino-functionalized SBA-1 exhibited a
marked capacity for arsenate and chromate adsorptions in acidic
conditions.*> One oxyanion adsorbed on every two amine sites in
mono-, di-, and triamino-functionalized SBA-1. Cu?*-activated
diamino-functionalized MCM-41* also adsorbed chromate and
arsenate as much as the number of Cu ions fixed on the surface.

The studies on the adsorption by functionalized mesoporous
silicas have stressed the high surface area and the pointed out that
mesopores must be large enough to accommodate both functional
groups and hydrated ions. Although the results have achieved
marvellous adsorption capacities, the influences of the specific
mesostructure or the microscopic differences of the adsorption
sites are still unclear. One should compare silica materials as well
as functional groups in a series for the clarification of the
characteristics of structure of mesoframework and adsorption
sites on the pores. In this study, adsorptions of arsenate and
chromate on protonated amino groups fixed on MCM-48 were
investigated as well as the functionalized fumed silica with
respect to the adsorption capacity of toxic anion adsorptions.
Unlike MCM-41, a monocrystalline particle of MCM-48 has two
crossing channels, which allow rapid diffusion of the ions and
molecules accommodated in the pores even in the presence of a
barrier by blockage of the adsorbates or by partial destruction of
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the pore structure. We also explored the differences in adsorption
characteristics arising from the variation of mono-, di-, and
triamino-silylation of MCM-48. We intended to explore the
adsorption modes dependence on the fraction of sites covered by
the oxyanions and to offer insights into the effective adsorbents of
oxyanions.

Experimental

Mesoporous silicas were synthesized with tetraethyl orthosilicate
(TEOS, Tokyo Kasei Kogyo Co., Ltd., reagent grade) as a silica
source. Cetyltrimethylammonium chloride (CTMACI, > 98%) and
Cetyltrimethylammonium hydroxide (CTMAOH, reagent grade)
were available at Tokyo Kasei Kogyo Co., Ltd. 3-Aminopropyltri-
methoxysilane (H,NCH,CH,CH,Si(OCH3);) and [3-(2-amino-
ethylamino)propyl]trimethoxysilane (H,NCH,CH,NHCH,CH,-
CH,Si(OCH;);) were also purchased from Tokyo Kasei Kogyo
Co., Ltd. Their purities were > 98 and > 95%, respectively. N-[3-
(trimethoxysilyl)propyl]diethylenetriamine (H,NCH,CH,HNCH,-
CH,NHCH,CH,CH,Si(OCHs)3) was obtained from Aldrich. Po-
tassium chromate (K,CrO4, > 99%) and potassium arsenate
(KH,As0,, Pr.G.) were the products of Wako Pure Chemical
Industries Ltd.

MCM-48 mesoporous silica was synthesized with tetraethyl
orthosilicate (TEOS) as a silica source. TEOS, CTMACI, and
CTMAOH were mixed in water and the solution was stirred for 1 h at
room temperature. The composition of the gel mixture was
Si:CTMACI:CTMAOH:H,O = 1:0.7:0.3:46.5. The solution was
transferred to a Teflon bottle and placed in a 373 K oven for 10 d.
White precipitates were filtered, washed with ethanol and dried at 373
K. This as-synthesized powder was calcined at 813 K for 6 h and
stored in a desiccator.

The calcined MCM-48 was dehydrated at 423 K in vacuum to
remove water molecules adsorbed on the surface and stirred
vigorously in toluene containing one monolayer equivalent amount
(1.0 per 1 nm?) of 3-aminopropyltrimethoxysilane, [3-(2-aminoeth-
ylamino)propyl]trimethoxysilane or N-[3-(trimethoxysilyl)propyl]-
diethylenetriamine. These solutions were heated to 383 K in dry
nitrogen for 6 h. The powder was collected by filtration, washed with
2-propanol for 2 h and dried at 373 K. Then, 100 mg of the powder
was stirred in 100 mL of 0.1 M-HCl for 6 h without heating. These
mono-, di- and triamino-functionalized silica chlorides are denoted
by N-, NN- and NNN-MCM-48, respectively. Cab-O-Sil M5 (Cabot,
Sger = 170.0 m*/g, and V,, = 39.1 mm?/g) was functionalized by
the same procedure.

The mesostructural order of all powders was checked by X-ray
diffraction (XRD, XL Labo, MAC Science Co., Ltd.) with CuK«
radiation in 40 kV and 20 mA. Nitrogen adsorption-desorption
isotherms were recorded by BELSORP 28SA (BEL Japan Inc.) after
the sample was evacuated at 473 K for 2 h.

The standard procedure of adsorption experiments was as follows.
50 mg quantity of modified silica was stirred for 10 h in 100 mL of
aqueous solution of KH,AsO, or K,CrO,. The concentration in the
solution became constant within 5 h. The solution was filtered to
remove the solids and then analyzed by ICP-AES. The detection limit
was 1 ppb. Typical pH value of the arsenate solution at the beginning
was 6.5; after the adsorption, it decreased by ca. 3. The initial and
final pH values of the chromate solutions were typically 8.3 and 4.3.
In these pH conditions, the dominant arsenate species in the aqueous
solution at the equilibrium is H,AsO,~ and HCrO,~ since the
dissociation constants of H; AsOy are pK,, = 2.19, pK,, = 6.94, and
pK,, = 11.5 and those of H,CrO, are pK, = —0.7 and
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pKq, = 6.52.34%

Results and Discussion

Figure 1 shows the X-ray diffraction patterns of MCM-48
before and after functionalization with [3-(2-aminoethylami-
no)propyl]trimethoxysilane. A dominant (211) peak at2.49° with
a small (220) reflection and unresolved (321), (400), (420), (332),
(422), and (431) reflections are attributed to those of a cubic
(Ia3d) structure™ with ay = 8.70 nm. Diaminosilane grafting to
MCM-41 caused a decrease in the intensity of higher indices,
implying a partial loss of the space correlation of the pores, which
has been often observed in the silylation of mesoporous
silicas.?**45 Although the peaks again decreased after protona-
tion, the characteristic reflections are still observable. The pattern
clearly shows that mesostructure of MCM-48 remains in proto-
nated NN-MCM-48.

The nitrogen adsorption showed the type IV appearance of the
isotherms for MCM-48, NN-MCM-48 and protonated NN-
MCM-48. The features are indicative of the presence of well-
defined mesopores. The specific surface area (Sggr), total pore
volume (V;), and most probable pore size (2Rp) in BJH
distributions are summarized in Table 1 with the results of
elemental analysis, the N content (in mmol per g-powder), and the
surface density of N. Upon grafting aminosilanes to the
framework walls, the decreases in the surface area, pore volume,
and pore size were observed while successive H treatment did
not significantly influence upon these parameters. The acid
treatment causes the decrease of the surface area in the M41S
mesoporous silicas and the grafting of hydrophobic functional
groups evades such structural deterioration.*® The organic groups
inhibiting protons and water molecules from accessing the silica
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Fig. 1. X-ray diffraction patterns of MCM-48 mesoporous
silicas prior to (1) and following (2) functionalization with
[3-(2-aminoethylamino)propyl]trimethoxysilane, and after
treatment in hydrochloric acid (3).
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Table 1. BET Surface Area, Total Pore Volume, Pore Size,
Loading of N and Surface Density of N of Functionalized
MCM-48

SBET Vp 2Rp N content N density

m?/g mm’/g nm  mmol/g nm~2
MCM-48 1178 270 3.34 — —
N-MCM-48 1138 262 3.28 1.53 0.81
H/N-MCM-48 1104 254 3.12 1.37 0.75
NN-MCM-48 894 205 2.70 2.71 1.83
H/NN-MCM-48 898 206 2.73 2.28 1.53
NNN-MCM-48 725 170 2.68 4.15 3.45
H/NNN-MCM-48 640 148 2.56 3.51 3.30
H/NN-Cab-0O-Sil 117  26.8 1.43 7.36

surface likely result in ‘“‘clean protonations” of amino groups
without decrease in the surface area. On the other hand, the
decrease in Sggr, V), and 2R, clearly depends on the number of
amino groups in a silane molecule. This tendency has been
observed in the grafting of MCM-41 and SBA-1¥ while the
deterioration of the structure is less grave in MCM-48. For
example, 19, 54, and 63% of Sggr were lost by N-, NN-, and
NNN-functionalization of MCM-41 while the loss of the surface
areareached 3, 24 and 38% by the respective treatments of MCM-
48 (Table 1). These differences likely arise from the microscopic
structure of Si—O-Si bond and/or Si-OH rather than from a
mesoscopic feature such as channel connection or curvature of the
pore wall. The decrease in the pore size is dependent on the size of
the silanes and this finding is consistent with the attribution of the
pore tightening to the high density of organic groups on the pore
walls 344 The loss of BET surface area by diamino-
functionalization of Cab—O-sil is 31%, which is larger than that
in MCM-48.

The surface density of amino groups calculated from the results
of the elemental analysis (Table 1) demonstrates that the
population of functional groups on the adsorbent surface is
0.75-1.1 per nm®. In contrast, a dense grafting is realized with
Cab-O-sil where the population of en group is 3.7 per nm?. This
is attributable to the high density of silanols on Cab-O-sil.
However, the density of amino group per g-powder (1.43 mmol) is
still lower than that of MCM-48 (2.28) due to its low surface area.

Figure 2 shows the infrared spectra of MCM-48 prior to and
following grafting by [3-(2-aminoethylamino)propyl]trimeth-
oxysilane. A sharp absorption is observed at 3744 cm™!, while
several silanol bands around 3459 cm™! are not well resolved.
The former band has been assigned to isolated Si-OH and the
others resulted from the sums of contributions of hydrogen-
bonded silanols.>>*° Bands at 2931, 2860, 1668, 1606, 1452, and
1351 cm™! appear at the expense of the band at 3744 cm™! after
silylation; these are assigned to C—H asymmetric stretching, C-H
symmetric stretching, two kinds of NH, scissor, CH, scissor, and
CHj; bending vibrations, respectively. The band positions are
similar to those reported in the previous studies.*’*® The similar
position of the bands appearing at 1300-1700 cm™! region and a
splitting feature of the band for NH, scissors suggest that a similar
structure of the functional group was likely to be formed on
MCM-48. The weak absorptionat 1351 cm ™' due to CH; bending
mode suggests a trace amount of remaining —OCHj3.
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Fig. 2. Infrared spectra of MCM-48 prior to and following

functionalization with [3-(2-aminoethylamino)propyl]tri-
methoxysilane.

Figure 3 shows the adsorption isotherms of chromate and
arsenate on the amino-functionalized MCM-48. The slopes of the
initial curves are very steep for both oxyanions until saturation.
The initial slope is not significantly dependent on the functional
groups. The saturation of these oxyanions increases with
increasing the number of nitrogens in the parent silanes, which
roughly corresponds to the number of amino groups in the
adsorbent powder. However, the maximum adsorption is not
proportional to the number of N.

The adsorption capacities are summarized in Table 2 with the
stoichiometry of oxyanion to nitrogen. In chromate adsorption,
the three kinds of functionalized MCM-48 show slightly smaller
Cr/N ratios (0.39-0.45) than NN-Cab-O-sil does (0.48). No
significant differences in As/N are found between N-, NN-, and
NNN-MCM-48 (0.37-0.38) but these values are slightly smaller
than that in NN-Cab-O-sil (0.45). NN-Cab-O-sil, which
naturally has little pores, nearly achieves 2 amino-groups—to-1
anion stoichiometry. The average distance between the silanes
fixed on the surface is estimated to be (1/0.75)'/> = 1.2 nm; the
Si—N distance in all trans conformation is ca. 0.5 nm. This reveals
that the one anion cannot be coordinated with two amino-groups
in a uniform way. In addition, each functional group in NN-
MCM-48 completes 2-1 coordination and, consequently, a large
difference would appear in anion/N ratio from those for N- and
NNN-MCM-48. On the contrary, the ratios are nearly the same in
Table 2. These disagreements between the surface density of
amino-groups and oxyanion/N stoichiometries imply the hetero-
geneous distributions of functional groups. The finding that
NNN-MCM-48 shows smaller Cr/N ratio than N-MCM-48 does
suggests that the distance of the neighbouring organic chains is not
crucial in the decrease of the stoichiometry. On the contrary, itis
more likely that the “overcrowded” functional groups in the pores
suppress this ratio.

In spite of the large anion/N ratio, the adsorption capacity per g-
adsorbent of NN-Cab-O-sil does not reach those of NN-MCM-48.
This is simply due to the small surface area. The adsorption
capacities of NNN-MCM-48, 160, and 182 mg/g-adsorbent for
chromate and arsenate, respectively, are outstanding values
among the oxyanion adsorbents in the literature. The capacities of
chromate adsorption on surfactant modified clay*® and arsenate
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Fig. 3. Adsorption isotherms of chromate and arsenate. 50
mg of protonated functionalized MCM-48 were stirred for
10 hin 100 mL of aqueous solutions of arsenate or chromate
at room temperature.

Table 2. Molar Ratio of Anion/N and Specific Adsorption at
Saturation

CrO4>~ HAsO,>~
Cr/N mg/g-ads. As/N mg/g-ads.
N-MCM-48 0.41 65.4 0.37 70.5
NN-MCM-48 0.45 119 0.38 122
NNN-MCM-48 0.39 160 0.37 182
NN-Cab-O-Sil 0.48 79.3 0.45 90.7

adsorption on activated alumina'® have been reported to be 40.5
mg/g-adsorbent and 9.93-15.9 mg/g-adsorbent, respectively,
which are much smaller than the present result.

The complete removal of these oxyanions, with less than 1 ppb
remaining in the solution, is expected for the adsorbents using in
the environment. The distribution coefficients, Ky, are thus an
important parameter; they are plotted against the fraction of sites
covered by oxyanions in Fig. 4. In the small (< 0.1) fraction of
sites covered by chromate and arsenate anions, we observed Ky >
2 x 10° for the adsorption on NN- and NNN-MCM-48. The

Oxyanion Adsorptions by Functionalized MCM-48

1x10°
Chromate Absorption
sm.. - e ——
1x10 "Qﬁ —e— N-MCM-48
1% 104 e .1*;'. i ___—0O— NN-MCM-48
< p- —a— NNN-MCM-48
1x10°
1x 109
1 x 10
0 02 04 06 08 1
f
1x 10}
Arsenate Absorption
B s
T —a— NNN-MCM-48

Kq

0 0.2 0.4 0.6 0.8 1
f

Fig. 4. Distribution coefficient versus fraction of sites
covered by adsorbates for protonated N-, NN-, and NNN-
MCM-48. Broken lines are the detection limit.

range for chromate where Ky exceeds 2 x 10° is wider than that
for arsenate. For both adsorbates, a considerable drop in Ky is
found below f = 0.1, where f is fraction of sites covered by
adsorbate. It decreased to the order of 10° and then gradually
decreased with f. Itis to be noted that Ky still remains around 100
near the saturation (~1.0), revealing the excellent performance of
these adsorbents. Over most of the f range, triamino-function-
alized MCM-48 shows K values three or ten times larger than that
of monoamino-functionalized MCM-48 in chromate or arsenate
adsorptions, respectively. In addition, the maximum Ky we
observed for N-MCM-41 is around 1 x 10°. These results
demonstrate that the number of amino groups in the organic chain
is crucial to Ky, unlike the Cr/N and As/N stoichiometries at the
adsorption saturation.

In the Langmuir equation, the equilibrium constant b is
presented by 1/f = 1/(bC) + 1, where C is equilibrium con-
centration of anions. The fraction of sites covered by adsorbate is
proportional to the amount of adsorption, Cp,. Ciy ™" is plotted
against C~! in Fig. 5. In all adsorbents, no linearity was found;
the slopes were gradually decreased with increase of 1/C. This
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Fig. 5. Langmuir plots of anion adsorbed (mg/g-adsorbent)
against equilibrium concentration (mg/L) of chromate and
arsenate for protonated N- (@), NN- ([7]), and NNN- (A)
MCM-48.

implies that b decreases with the fraction of sites covered by
adsorbate, suggesting the repulsive interactions between the anion
species adsorbed on the site and those in the solution. The values b
(in mg/L) calculated from the initial slope and the intercepts of y
are 58, 56, and 53 for N-, NN-, and NNN-MCM-48 in chromate
adsorptions. This means that little difference is found in the
equilibrium constant at C — oco. For arsenate adsorption, the
equilibrium constants for the adsorbents agree in b = 36 at this
limit. These results demonstrate that the adsorption-desorption
equilibria of oxyanions similarly occur on N-, NN-, and NNN-
MCM-48 at the adsorption saturations.

Figure 6 shows the adsorption capacity of NN-MCM-48 in
arsenate adsorption. At4 °C, the capacity increased by 17% while
itreduced by 53% at 50 °C. In spite of the large reduction at high
temperature, the adsorption capacity of the adsorbent still remains
high, suggesting a good applicability to the remediation of the
actual environment.
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Fig. 6. Adsorption capacity of protonated NN-MCM-48 in
various temperatures. 50 mg of protonated functionalized
MCM-48 were stirred for 10 h in 100 mL of aqueous
solutions of arsenate.

Conclusions

We demonstrated that mono-, di-, and triamino-functionaliza-
tions of MCM-48 did not destroy the mesoporous structure and
the resultant powder efficiently removed chromate and arsenate in
aqueous solutions. The adsorption capacities of triamino-
functionalized MCM-48 reached 160 and 182 mg/g-adsorbent
for chromate and arsenate, respectively. The capacities of
diamino-functionalized MCM-48 (119 and 122 mg/g-adsorbent
for chromate and arsenate, respectively) were much larger than
those of diamino-functionalized fumed silica, 79.3 and 90.7 mg/g-
adsorbent, respectively. This superiority arose from the large
surface area of functionalized MCM-48. No clear difference was
found in the comparison of oxyanion/N ratio at the adsorption
saturation among the mono-, di- and triamino-functionalizations,
suggesting that the organic chains are not uniformly distributed on
the surface of MCM-48. The distribution coefficient, Ky, for NN-
and NNN-MCM-48 exceeded 2 x 10° when the concentration of
oxyanions was low. The adsorbent with triamino-silylation
showed the largest Ky value; it was three or ten times higher than
that with monoamino-silylation for arsenate or chromate adsorp-
tions, respectively. The adsorptions did not follow the Langmuir
equation. No significant difference in the equilibrium constant
was found among the adsorbents at the adsorption saturations of
the oxyanions. Although the adsorption capacity of diamino-
functionalized MCM-48 was reduced to be 47% at 50 °C, it still
adsorbed a large amount of arsenate, suggesting a good applic-
ability in the environment.

This work was partly supported by Grand-in-Aid for Scientific
Research (Grant No. 13780448) from JSPS.
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