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Abstract: This investigation examines metal ion adsorption on mesoporous silicate,
MCM-41, synthesized from sodium silicate solution and cethyltrimethylammonium
bromide (CTAB). MCM-41 has potential as an adsorbent material, with a regular
hexagonal pore structure, large specific surface area, and large pore volume. The
MCM-41 synthesized for this investigation is characterized using powder X-ray
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diffraction and nitrogen adsorption and desorption isotherms data. The adsorption
behavior for cadmium(Il) and lead(Il) onto MCM-41 was studied by contacting the
mesoporous silicate with an aqueous solution of metal salts and acetylacetone. Both
Cd** and Pb*" were found to quantitatively adsorb onto MCM-41. The results of
this study suggest that MCM-41 may have applications in the recovery of toxic
metals from waste waters.
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INTRODUCTION

Mesoporous silicates are synthetic, inorganic solids with pores in the 2 to
50 nm size range. The size and arrangement of the pores in these materials
are controlled during synthesis by the careful choice of surfactant. MCM-41
is a mesoporous silicate featuring hexagonally packed arrays of one-dimen-
sional, cylindrical pores, with a uniform pore distribution, large specific
surface area and large pore volume (1, 2). The characteristics of such meso-
porous silicates suggest potential applications in the fields of adsorption,
catalysis and nanotechnology due to their large specific surface area and
regular porosity (3, 4). As MCM-41 exhibits low hydrothermal stability
(4-16), many workers have studied the improvement of stability by modifi-
cation of the synthesis conditions. Some examples include choice of
siliceous source (6), change of pH (7), reaction time (3), temperature (3),
and effect of salt addition (8). Previous studies have examined the use of
mesoporous silicates for immobilization of globular enzymes (17) and for
the adsorption of proteins and vitamins (18). In another investigation, the
selective adsorption of mercury was tested using a mesoporous silicate
modified with an organic functional group (19). Other studies have
examined the inclusion of metals into the structure of MCM-41 for appli-
cations in catalysis (20). However, there is little data available regarding the
application of MCM-41 for selective adsorption of metal ions in aqueous
solution. One previous study examined the adsorption of Cu®* on MCM-41
and established that this material has potential as an adsorbent for metal
ions (21). This study focuses on the adsorption behavior of Cd*" and Pb*"
to determine the suitability of MCM-41 for the removal of toxic metals
from aqueous environments with minimal use of organic reagents.

EXPERIMENTAL

Apparatus

An electric furnace (Vacuum Metallurgical Co., Ltd.) was used for the
calcination of the silicate sample. Samples of the silicate product were
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characterized by powder X-ray diffraction (XRD; RIGAKU, RINT2100S)
using CuKa radiation. The N, adsorption and desorption isotherm data for
the MCM-41 was determined using a BELSORP 18 apparatus (BEL Japan,
Inc.). Prior to nitrogen adsorption, the sample was heated to 200°C and
107" Pa for 2 hours and degassed overnight. A HORIBA F-21 pH meter
with a combination glass electrode was used to determine the pH values. A
VARIAN Vista Pro Inductively Coupled Plasma Atomic Emission Spec-
trometer (ICP-AES) was used for the determination of the concentration of
metal ions in aqueous solution.

Reagents

Cethyltrimethylammonium bromide (CTAB) and sodium silicate solution
(~27% Si0,) were purchased from Sigma-Aldrich and used without the puri-
fication. Cadmium nitrate and lead nitrate (Wako Pure Chemical Industries,
Ltd.) were used for the adsorption tests. Acetylacetone (Dojindo Laboratories)
was used as chelating reagent. All other chemicals were reagent-grade
materials and MilliQ water was used throughout.

Synthesis and Characterization of Mesoporous Silicate MCM-41

The synthesis of the mesoporous silicate, MCM-41, was performed using a
similar technique to that of Edler et al. (22). A solution of 16.4 g CTAB in
69.2 g of MilliQ water was prepared and heated to 60°C. A sodium silicate
solution (19.0g) was diluted with 40.6g MilliQ water. The hot CTAB
solution was added and the mixture was stirred for 10 minutes. The pH of
the mixture was adjusted to 11 by drop-wise addition of 3 moldm*
sulfuric acid. The resulting gel was stirred for 30 minutes and then transferred
into a stainless steel jacketed Teflon vessel. The gel was heated at 100°C for
144 hours and the silicate material produced was then cooled to room temp-
erature. The silicate material was recovered from solution by filtration,
washed extensively with hot deionized water, and dried under vacuum.

The silicate product was heated to 550°C in an electric furnace at a rate of
2°Cmin" in a nitrogen atmosphere (flow rate of 50 cm® min~"). The silicate
was then calcined at 550°C in nitrogen for 1 hour, followed by 6 hours in an air
atmosphere at 550°C (100cm®min~'). The furnace was then cooled at
0.8°Cmin~' to 25°C. Calcination was performed immediately before all
adsorption experiments.

Adsorption Behavior for Cadmium(II) and Lead(II) onto MCM-41

MCM-41 (0.1g) was placed in a centrifuge tube and contacted with an
aqueous phase (10 cm’) containing 1 x 10" *moldm > M>* (M = Cd or Pb)
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and 1 x 10 ?moldm* acetylacetone. The mixture was agitated for 1 hour
and then the solid and aqueous phases were separated by filtration. The pH
of the aqueous phase and the concentration of metal ions in the aqueous
phase were determined. The amount of metal ion adsorbed on the MCM-41
was calculated by subtracting the measured concentration with the initial con-
centration of metal ion in the aqueous phase.

RESULTS AND DISCUSSION
Characterization of MCM-41

The N, adsorption and desorption isotherms obtained for the material syn-
thesized (see Fig. 1) are in good agreement with typical isotherms for meso-
porous materials with a regular hexagonal arrangement of cylindrical pores
(23). The surface area of the MCM-41 was determined from the linear
section of a BET plot. The pore diameter and pore volume were calculated
from the N, adsorption data, using the Dollimore-Heal (DH) method (24).
The surface area and pore size results for MCM-41 are given in Table 1.
The surface area and pore volume of the obtained MCM-41 in this work
compare well with previous published data (the surface area and pore
volume range of 600—1100m?g~ ' and 0.3—1.2cm’g™!, respectively)
(1, 2, 4-8, 10-14, 16, 19, 22, 23, 25-30).

The XRD diffraction pattern for MCM-41, before and after calcination, is
shown in Fig. 2 and the hexagonal lattice parameter derived from the XRD
analysis is given in Table 1. The four peaks identified at low angles (2—8°,
26) are a good indication of the well-ordered hexagonally arranged pore
structure typical of MCM-41 (25). The lattice parameter a, is a measure of
the average distance between two neighboring pore centers in the material
structure. The parameter, d;go, is the XRD interplanar spacing of the first

1000
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Figure 1. Nitrogen adsorption and desorption isotherms for the synthesized MCM-41
after calcination.
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Table 1. Structural properties of synthesized MCM-41

Specific
surface area Pore diameter Pore volume
“apnm m’g ™! nm em®g ™!
4.7 1173 3.12 1.45

“ag: hexagonal lattice parameter calculated from XRD data
using the formula a, = 2d;00/+/3

diffraction peak. The wall thickness of MCM-41, which is calculated by sub-
tracting the pore diameter from the lattice parameter, is about 1.6 nm. This
result agrees with the reported data (1.3-2.7nm) (4, 14).

Adsorption Behavior for Cadmium(II) and Lead(I) on MCM-41

Calcined MCM-41 has been found to have a low hydrothermal stability. The
structural degradation is caused by hydration of the siloxane structure, that is
hydrolysis of Si—O-Si bonds after immersion in aqueous solution (7, 8, 10).
Hence, the effect of adsorption time on the % adsorption was examined by
changing the contact time of MCM-41 with the aqueous solutions containing
Cd** from 5 minutes to 24 hours. It was found that Cd** adsorption onto
MCM-41 is almost constant for the range of agitation times tested and it
was found that MCM-41 could be used as the adsorbent under the these
adsorption conditions. It is suggested that the disintegration of the MCM-41
structure by hydrolysis is relatively slow in acidic and neutral aqueous
solutions at a room temperature (7, 8). Furthermore, the thicker walls of the
synthesized MCM-41, relative to previous investigations, seemed to exhibit

30000
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Figure 2. Powder X-ray diffraction pattern of synthesized MCM-41 before and after
calcination.
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Figure 3. Adsorption behavior for Cd** and Pb>" on MCM-41. Plots of the %
adsorption of the metal ions as a function of the aqueous phase pH after contact
with MCM-41. Initial concentration of Cd*™ or Pb>Tand acetylacetone in a solution
were 1 x 10"* mol dm > and 1 x 102 mol dm >, respectively. MCM-41 was 0.1 g.

a good hydrothermal stability at room temperature (4, 9, 12—14, 16). An
agitation time of 1 hour was chosen for subsequent tests.

For adsorption behavior of Cd*" and Pb** on MCM-41, the adsorption
ratios onto MCM-41 were plotted as a function of pH in the aqueous phase
(See Fig. 3). As shown in Fig. 3, both Cd** and Pb*" were quantitatively
adsorbed onto MCM-41 at pH = 6.2. A study by Hokura and coworkers
(21) found that, for a given pH, metal ion uptake onto MCM-41 increased
with an increase in acetylacetone concentration in solution. Hokura and
coworkers (21) looked at a case of copper ion extraction and found that the
optimum concentration of extractant was 0.001 M. They also found that an
excess of acetylacetone impaired metal capture onto MCM-41 by occupation
of surface adsorption sites that acetylacetone-metal complexes would
otherwise occupy. Other researchers have shown that metal complexes con-
taining nucleophilic ligands such as the acetylacetonate complex, will react
with OH groups on oxide surfaces (31). Figure 3 shows adsorption ratios
increased as pH value increased, suggesting that Cd** and Pb®" were
adsorbed onto MCM-41 as an acetylacetonate complex by hydrophobic inter-
action. This is supported by the fact that Cd** and Pb>" were not adsorbed on
MCM-41 without acetylacetone in the aqueous solution (data not shown).

Previous studies of solvent extraction systems, using organic solvents
such as benzene and carbon tetrachloride and chelating agents such as acety-
lacetone, have found that Cd*" is minimally extracted in benzene and carbon
tetrachloride with acetylacetone, but up to 80% Pb>" is extracted in benzene
from alkaline aqueous solutions (32, 33). The fact that adsorption of metal
ions on MCM-41 takes place within a relatively short time is one of the advan-
tages of this method. The results of the adsorption experiments described here
have shown that toxic metals such as cadmium and lead can be successfully
adsorbed onto MCM-41. Hence the mesoporous silicate, MCM-41, has the
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potential to be used in the recovery of toxic metal ions from aqueous systems
with minimal use of organic reagents.
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