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Abstract

Mesoporous silicas (SBA-15 and MCM-41) have been functionalized by two different methods. Using the heterogeneous route the silylating
agent, 3-chloropropyltriethoxysilane, was initially immobilized onto the mesoporous silica surface to give the chlorinated mesoporous silica Cl-
SBA-15 or Cl-MCM-41. In a second step a multifunctionalized N, S donor compound (2-mercaptothiazoline, MTZ) was incorporated to obtain the
functionalized silicas denoted as MTZ-SBA-15-Het or MTZ-MCM-41-Het. Using the homogeneous route, the functionalization was achieved via
t
d
o
p
m
a
b
©

K

1

o
c
o
w
p
a
s
e
m
w
n
e

i

0
d

he one step reaction of the mesoporous silica with an organic ligand containing the chelating functions, to give the modified mesoporous silicas
enoted as MTZ-SBA-15-Hom or MTZ-MCM-41-Hom. The functionalized mesoporous silicas were employed as adsorbents for the regeneration
f aqueous solutions contaminated with Hg (II) at room temperature. SBA-15 and MCM-41 functionalized with MTZ by the homogeneous method
resent good mercury adsorption values (1.10 and 0.7 mmol Hg (II)/g of silica, respectively). This fact suggests a better applicability of such
esoporous silica supports to extract Hg (II) from aqueous solutions. In addition, it was observed the existence of a correlation between mercury

dsorption with pore size and volume since, SBA-15 with lower areas and higher pore sizes functionalized with sterically demanding ligands, show
etter adsorption capacities than functionalized MCM-41.

2005 Elsevier B.V. All rights reserved.
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. Introduction

Heavy metal ion removal from waters has been the subject
f extensive technological research, and recovering processes
an often result in considerable cost saving [1]. The synthesis
f adsorbents for the removal of toxic heavy metal ions from
aste-water is a continuing research objective of environmental
ollution control processes. Several different types of materi-
ls, among them resins, active carbons and clays, have been
tudied and proposed for adsorption of heavy metal ions. Nev-
rtheless, these materials have shown several problems like low
echanical and thermal stability and a weak chemical union
ith the metals. These factors have led to the scientific commu-
ity to develop new techniques to remove heavy metals from the
nvironment.

∗ Corresponding author. Tel.: +34 916647018; fax: +34 914888143.
E-mail addresses: damian.perez@urjc.es (D. Pérez-Quintanilla),

sabel.sierra@urjc.es (I. Sierra).

Porous silica is a class of materials that fulfils all the require-
ments. Silica is chemically inert but allows irreversible surface
modification by reaction of the surface silanol groups. This
methodology has been employed in the functionalization of
amorphous silica support, and with the advent of mesoporous
silica, it has been utilized extensively in the development of the
surface chemistry of these materials. Mesoporous silica mate-
rials were first synthesized in 1992 [2]. The so-called M41S
materials are prepared with micelles of quaternary ammonium
detergents as the template. Depending on the amount of tem-
plate different hexagonal, cubic and lamellar organic-inorganic
mesophases can be formed. The hexagonal phase is referred to
as MCM-41, the cubic phase as MCM-48 and the lamellar phase
as MCM-50. Alternatively, the length of the hydrophobic tail of
the detergent molecules can be varied to adjust the pore diameter
to a certain value. The use of alkyl-trimethylammonium deter-
gent molecules with C8–C18 hydrocarbon chains enables the
synthesis of hexagonally ordered MCM-41 materials with pore
diameters between 15 and 40 Å.
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Another type of mesoporous silica material is SBA-15 [3].
This material is prepared with non-ionic amphiphilic triblock
copolymer micelles as the template under acidic reaction condi-
tions. The material has a well-defined hexagonal symmetry and
its specific surface area is somewhat smaller than that of M41S
materials. Therefore the mechanical and hydrothermal stability
of this material is also better. The pore diameters can be var-
ied between 50 and 200 Å, by varying the synthesis temperature
(between 30 and 90 ◦C) and the template.

Recently, a class of hybrid mesoporous materials has
been developed based on organized monolayers of functional
molecules covalently bound to the mesoporous support. The
preparation of these new surfaces with coordinative ligands con-
taining in his molecule nitrogen or sulphide atoms are clearly
one of the most promising methods to remove mercury and other
heavy metals from contaminated aqueous media. Despite of this
fact, very few ligands have been used at the moment to func-
tionalize the mesoporous supports (principally commercially
available alkylthiols and alkylamines) [4–10], so new studies
are required in order to found other commercially unavailable
ligands with better adsorption capacity. There are two principal
methods in order modify mesoporous silica with these organic
ligands (homogeneous and heterogeneous). The first stage in the
preparation of functionalized mesoporous silicas by the homoge-
neous method is the synthesis of the silylating agent, by reaction
of a 3-chloropropylsilane with the molecule containing the donor
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purchased from Sigma–Aldrich (Germany). Sulphuric acid
96% (M = 98.08, d = 1.840 × 10−3 g/mL) was purchased from
Panreac (Spain). 3-Chloropropyltriethoxysilane 95% (CPTS)
(M = 240.81, d = 1.007 g/mL), triethylamine (M = 101.19,
d = 0.726 g/mL) and 2-mercaptothiazoline 98% (MTZ) (M =
119.21), from Sigma–Aldrich, were used as supplied. Organic
solvents (toluene, dimethylformamide, diethyl ether, ethanol,
hexane and triethylamine) were purchased from SDS (France).
These solvents were distilled and dried before use according
to conventional literature methods [12]. Buffer solution of
pH 6 was prepared by using sodium acetate and hydrochloric
acid (Scharlau, Spain). Standard stock solution of Hg (II)
was prepared by dissolving mercury (II) nitrate monohydrate
98% (Sigma–Aldrich) in dilute HNO3. Water (resistance
18 M� cm−1) used in the preparation of standard solutions
was obtained from a Millipore Milli-Q-System (Waters, USA).
Triton X-100 and 1,5-diphenylthiocarbazone (dithizone) were
purchased from Sigma–Aldrich. Glassware was soaked in
(1 + 1) HNO3 overnight and cleaned with Milli-Q water before
use. All other reagents used were at least of analytical grade.

2.2. Synthesis of SBA-15 mesoporous silica

A hexagonal (plane group p6mm) material (SBA-15) was
prepared by using a poly(alkaline oxide) triblock copolymer
surfactant in acidic media according to the method of Zhao et al.
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tom. The resulting compound is them allowed to react with
he silanol groups of activated silica, liberating the correspond-
ng alcohol, to get the final functionalized support. The second

ethodology used, the heterogeneous method, involves a two
tep reaction of the solid support. Initially, the reaction of the
ctivated mesoporous silica with a 3-chloropropylsilane ligand
o obtain the chlorinated silica followed by the reaction of the
hlorinated silica with the appropriate amount of the molecule
ontaining the donor atom to yield the final product. Nowadays,
he heterogeneous method has been used preferably to modify
esoporous silicas with commercially unavailable ligands [11].
owever, studies carry out in our group demonstrate that silica
resents better heavy metal adsorption values when it is modified
y the homogeneous method.

This paper reports the use of two mesoporous silicas (SBA-15
nd MCM-41) in the preparation of solid phases modified with a
ew ligand (2-mercaptothiazoline) by two different approaches
the homogenous and heterogeneous routes) and their applica-
ion for the adsorption of mercury from aqueous media by the
atch method.

. Experimental

.1. Reagents and materials

Poly(ethylene glycol)-block-poly(propylene glycol)-block-
oly(ethylene glycol) (Mav = 5800; d = 1.019 × 10−3 g/mL)
nd tetraethoxysilane (TEOS) 99% (M = 208.33, d = 0.933 ×
0−3 g/mL) were purchased from Fluka (Spain). Sodium
ilicate SiO2·NaOH (M = 242.23, d = 1.390 × 10−3 g/mL) and
etyltrimethyammonium bromide (CTAB) (M = 364.46) were
3]. Four grams of poly(ethylene glycol)-block-poly(propylene
lycol)-block-poly(ethylene glycol) was dissolved in 30.00 g of
ater and 80.00 g of 2 M HCl solution with stirring at 35 ◦C.
hen 8.80 g of TEOS was added to that homogeneous solution
ith stirring at room temperature for 20 h. The solid product
as recovered, washed, and air-dried at room temperature. Then

t was calcinated in air atmosphere from room temperature to
00 ◦C in 8 h and heated for 6 h.

.3. Synthesis of MCM-41 mesoporous silica

A hexagonal (plane group p6mm) material (MCM-41) was
repared according to the method of Landau [13] using

hydrothermal crystallization. A sodium silicate solution
65.45 g, 14% NaOH; 27% SiO2) was mixed with 4.20 g of 98%
ulphuric acid and 140 mL of water. The mixture was stirred
or 30 min at room temperature. CTAB (58.66 g) dissolved in
76 mL of water was added. The resulting gel was mixed with
0 mL of water (stirred at room temperature for 30 min). The
el was transferred to a Teflon-coated autoclave and heated at
21 ◦C for 144 h. A solid was produced, separated by suction fil-
ration and dried at 100 ◦C for 8 h. The surfactant was removed
y calcination in air at 530 ◦C for 6 h.

.4. Preparation of functionalized mesoporous silicas

MTZ was covalently bonded to SBA-15 or MCM-41 giving
ercaptothiazoline modified mesoporous silicas. The immobi-

ization of these molecules on the silica support was carried out
y two distinct methods (homogeneous and heterogeneous). The
rst stage in the preparation of functionalized mesoporous silicas
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Scheme 1. Homogeneous route for mesoporous silica functionalization.

by the homogeneous method was the synthesis of the silylating
agent, by reaction of CPTS with MTZ. The resulting compound
was allowed to react with the silanol groups of activated silica,
liberating the corresponding alcohol, to get the final function-
alized support (Scheme 1). The second methodology used, the
heterogeneous method, involves a two step reaction of the solid
support: the reaction of activated mesoporous silica with CPTS
to obtain the chlorinated silica followed by a second reaction
with the appropriate amount of MTZ to yield the final product
(Scheme 2).

2.4.1. Homogeneous method
Five grams (41.10 mmol) of MTZ was immersed in 50 mL

of dimethylformamide (DMF). CPTS and triethylamine (TEA)
were them added in a 1:2:1 stoichiometry (MTZ:CPTS:TEA).
The mixture was heated for 48 h at 110 ◦C with magnetic stirring
under a nitrogen atmosphere by using standard Schlenk-tube
techniques. After cooling, the solvent was evaporated and the
resulting product was extracted with hexane (2× 30 mL). After
hexane evaporation, the excess of CPTS was distilled under vac-
uum (150 ◦C and 0.75 mmHg).

The resulting compound, having the consistency of viscous
oil (orange color), was characterized by 1H NMR, 13C NMR,
IR and mass spectrometry. The 1H NMR spectra of the MTZ
derivative (see supplementary data) shows signals correspond-
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NMR spectra of the MTZ derivative (see supplementary data)
show signals at 10.0, 23.2 and 36.4 ppm assigned to the methy-
lene groups 3, 4 and 5, respectively. The signal due to methylene
2 of the ethoxy group appears at 58.3 ppm and the signal of
the methyl group at 20.0 ppm. Carbon atoms of the heterocy-
cle resonate at lower field 58.3, 64.1 and 160.0 ppm. Infrared
spectra (see supplementary data) show bands at ca. 2850 cm−1,
assigned to ν(C H) stretching vibrations, and bands at ca. 1475
and 1600 cm−1 which correspond, respectively, to ν(C C) and
ν(C N) in the heterocycle. Finally, the mass spectrum of this
compound displays the molecular peak at m/z = 323. The base
peak in this compound is due to loss of an ethoxy group bonded to
silicon atom. In addition, the spectrum displays an assortment of
minor peaks consistent with the successive loss of ethoxy groups
and the hydrocarbon chain bonded to the heterocycle.

Five grams of the MTZ derivative was reacted with 5.00 g of
activated SBA-15 or MCM-41 (5 h at 160 ◦C under high vacuum)
in 50 mL of dry toluene with mechanical stirring (48 h under
reflux conditions under a nitrogen atmosphere). The resulting
modified mesoporous silica (L-Sil-Hom: MTZ-SBA-15-Hom or
MTZ-MCM-41-Hom) was filtered off and washed with toluene
(2× 30 mL), ethanol (2× 30 mL) and diethyl ether (2× 30 mL).
Finally, the product was heated for 4 h at 110 ◦C under vacuum.

2.4.2. Heterogeneous method
◦

u
p
w
t
1

or me
ng to methylene 5 (a triplet centred at 3.09 ppm) and methylenes
and 4 (multiplets at 0.73 and 1.80 ppm, respectively). The sig-
als due to the ethoxy groups are located at 1.20 and 3.76 ppm.
he sets of peaks found for protons of the MTZ group appear as

riplets at 3.33 and 4.16 ppm, which can be attributed to the pen-
ant alkyl chain, the ethoxy groups and the heterocycle. The 13C

Scheme 2. Heterogeneous route f
Five grams of SBA-15 or MCM-41 were activated at 160 C
nder vacuum for 5 h. The activated mesoporous silica was sus-
ended in 50 mL of dry toluene and 5 mL (20.76 mmol) of CPTS
ere added. The mixture was stirred for 48 h under reflux condi-

ions in a nitrogen atmosphere. The resulting product (Cl-SBA-
5 or Cl-MCM-41) was filtered off and washed with toluene

soporous silica functionalization.
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(2× 30 mL), ethanol (2× 30 mL) and diethyl ether (2× 30 mL).
The product was heated for 4 h at 110 ◦C under vacuum, and
then immersed in 50 mL of toluene and 5.00 g (41.10 mmol)
of MTZ was added. The mixture was stirred for 48 h under
reflux conditions under a nitrogen atmosphere. The resulting
modified silica (L-Sil-Het: MTZ-SBA-15-Het or MTZ-MCM-
41-Het) was filtered off and washed with toluene (2× 30 mL),
ethanol (2× 30 mL) and diethyl ether (2× 30 mL). Finally, the
resulting product was heated for 4 h at 110 ◦C under vacuum.

2.5. Characterization

1H NMR and 13C NMR spectra were recorded using a
Varian-Mercury Plus (400 MHz) spectrometer using CDCl3
as solvent and reference. Mass spectra were recorded on a
VG Autospec Spectrometer in the Aragon Materials Institute
(Zaragoza, Spain). X-ray diffraction (XRD) patter of the silicas
were obtained on a Phillips Diffractometer model PW3040/00
X’Pert MPD/MRD at 45 kV and 40 mA, using a wavelength
Cu K� (λ = 1.5418 Å). Nitrogen gas adsorption–desorption
isotherms were performed using a Micromeritics TriStar 3000
analyzer. Infrared spectra were recorded on a Nicolet-550 FT-IR
spectrophotometer or on a Mattson Infinity FT-IR spectropho-
tometer in the region 4000–400 cm−1 by using spectra quality
KBr powder or CsI plates. Proton-decoupled 29Si MAS-NMR
spectra were recorded on a Varian-Infinity Plus Spectrometer
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mixture was stirred mechanically (300 rpm) for time periods of
2, 4 and 24 h at 25 ◦C. After this time, the mixture was filtered
through Whatman No. 44 filter paper and the solid was washed
with Milli-Q water. Finally, the total volume of the filtrate was
made up to 100 mL with Milli-Q water. An aliquot of this solu-
tion (1 mL) was diluted to a final volume of 50 mL with Milli-Q
water and the unbound Hg (II) ions present in this solution were
subjected to colorimetric analysis as indicated in Section 2.8.

2.7.2. Effect of the initial metal concentration
A sample of modified mesoporous silica (0.2 g) was sus-

pended in acetate buffer solution (pH 6) (30 mL). Different
aliquots of 0.1 M Hg (II) solution were added to give final con-
centrations in the range 1.7–2870 ppm. The mixture was stirred
mechanically (300 rpm) during 4 h at 25 ◦C to attain equilibrium.
After equilibration, the mixture was filtered through Whatman
No. 44 filter paper and the solid was washed with Milli-Q water.
Finally, the total volume of the filtrate was made up to 100 mL
with Milli-Q water using a volumetric flask. Aliquots of different
volumes were diluted to a final volume of 50 mL with Milli-Q
water and the unbound Hg (II) ions present in these solutions
were subjected to colorimetric analysis as indicated in Section
2.8.

2.8. Determination of Hg (II)
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t 400 MHz. Elemental analysis (%C and %N) was performed
n the Investigation Service of the Universidad Autónoma de

adrid (Spain). The thermal stability of the modified meso-
orous silicas was studied by using a Setsys 18 A (Setaram)
hermogravimetric analyzer.

.6. Chemical stability of the functionalized mesoporous
ilicas

To determine the chemical stability of the materials, acidic
nd basic solutions were prepared (1, 3 and 6 M HCl or NaOH).
he functionalized mesoporous silicas were shaken in these
olutions for 24 h, filtered off through Whatman No. 44 filter
aper, washed with Milli-Q water and finally dried at 110 ◦C.
fter this treatment, the amount of attached molecules on

he mesoporous silica surface was determined by elemental
nalysis.

.7. Hg (II) adsorption on the functionalized mesoporous
ilicas

A batchwise process was employed to study the adsorption of
g (II) from aqueous solutions of pH 6 onto the modified meso-
orous silicas at 25 ◦C. Adsorption experiments were repeated
hree times.

.7.1. Effect of the stirring time
The adsorption equilibrium time was investigated by carry-

ng out kinetics experiments. A sample of modified mesoporous
ilica (0.2 g) was suspended in acetate buffer solution (pH 6)
30 mL). A 0.1 M Hg (II) solution (5 mL) was added and the
Hg (II) was determined by colorimetry by using a Varian
ary 50 UV–vis spectrophotometer [14]. In order to prepare the
alibration curves, 5 mL of Hg (II) 0.1 M solution were added
o 30 mL of aqueous solution of pH 6. The mixture was main-
ained under mechanical stirring for 4 h at 25 ◦C and was then
ltered through Whatman No. 44 paper, which was washed with
bundant Milli-Q water. Finally, the total volume of the filtrate
as completed to 100 mL with Milli-Q water by using a vol-
metric flask. Different aliquots of this solution were diluted
o a final volume of 50 mL with Milli-Q water to achieve stan-
ard solutions with an Hg (II) concentration between 0.025 and
.150 mM.

One millilitre of each standard solution or 1 mL of the sample
olution (see Section 2.7) was added to small beakers and their
H was adjusted to an optimum value (pH 2) for the formation
f the mercury–dithizone complex by using 5 mL of 1 M HCl.

saturated solution of dithizone in Triton X-100 (7 mL) was
hen added, and the solutions were allowed to equilibrate for

few min before recording the absorbance at 492 nm. Metal
ithizonates formed under these conditions were stable for at
east 45 min.

. Results and discussion

.1. X-ray diffraction

Figs. 1 and 2 show the XRD pattern for mesoporous silicas.
he SBA-15 displayed a well-resolved pattern at low 2θ with a
ery sharp (1 0 0) diffraction peak at 0.96◦ and two weak peaks
1 1 0 and 2 0 0) at 1.60◦ and 1.85◦, respectively, that can be
ndexed as a hexagonal lattice with d-spacing values of 92.03,
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Fig. 1. XRD patterns of (a) SBA-15, (b) MTZ-SBA-15-Het and (c) MTZ-SBA-
15-Hom.

55.68 and 48.60 Å, respectively. A unit cell parameter, a0, of
106.27 Å was obtained using the following equation [3]:

a0 = 2d1 0 0√
3

In the case of MCM-41, we can also see a very sharp (1 0 0)
diffraction peak at 2.43◦ and three additional high order peaks
(1 1 0, 2 0 0 and 2 1 0) with lower intensities at 4.17◦, 4.75◦ and
6.28◦, respectively. d-Spacing values for these XRD peaks were
36.32, 21.15, 18.60 and 14.07 Å, respectively. a0 was equal to
41.94 Å.

For functionalized silicas, MTZ-SBA-15-Het, MTZ-SBA-
15-Hom, MTZ-MCM-41-Het and MTZ-MCM-41-Hom, a con-
siderable decrease in the XRD peaks intensity was observed. It
should be noted that the intensity decrease in the (1 0 0) peak
for functionalized silicas providing further evidence of func-
tionalization occurring mainly inside the mesopore channels.
Collectively, the XRD pattern of the functionalized silicas also
suggest not only a significant degree of short range ordering
of the structure and well-formed hexagonal pore arrays of the
samples, but also the maintenance of the structural order of the
synthesized materials after functionalization.

F
M

3.2. Nitrogen adsorption–desorption isotherms

Figs. 3 and 4 show the nitrogen adsorption–desorption
isotherms for mesoporous silicas. For bare SBA-15, MTZ-SBA-
15-Hom and MTZ-SBA-15-Het (Fig. 3) isotherms are type IV
according to the I.U.P.A.C. classification and have a H1 hys-
teresis loop that is representative of mesopores. The volume
adsorbed for all isotherms sharply increased at a relative pres-
sure (P/P0) of approximately 0.6, representing capillary con-
densation of nitrogen within the uniform mesopore structure.
The inflection position shifted slightly toward lower relative
pressures and the volume of nitrogen adsorbed decrease with
functionalization. On the other hand, the hysteresis loop of the
isotherm of MCM-41 is smoother than that of SBA-15 and
different to that of the functionalized MCM-41, because in
the MTZ-MCM-41-Hom and MTZ-MCM-41-Het the hystere-
sis cycle disappears. These differences can be attributed to a
decrease in the pore volume after functionalization. We are also
able to observe that the inflection position shifted slightly toward
lower relative pressures and the volume of nitrogen adsorbed
decreases with functionalization.

Table 1 shows the physical parameters of nitrogen isotherms,
such the BET surface area (SBET) and Barret–Joyner–Halenda
(BJH) average pore diameter for mesoporous silicas. As
expected, the SBET for the SBA-15 is lower (740 m2/g) than for
the MCM-41 (1172 m2/g), whereas the BJH average pore diam-
e

Fig. 3. Nitrogen adsorption–desorption isotherms of (a) SBA-15, (b) MTZ-
SBA-15-Het and (c) MTZ-SBA-15-Hom.
ig. 2. XRD patterns of (a) MCM-41, (b) MTZ-MCM-41-Het and (c) MTZ-
CM-41-Hom.
ter is higher (71.9 and 34.0 Å, respectively). The wall thickness
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Fig. 4. Nitrogen adsorption–desorption isotherms of (a) MCM-41, (b) MTZ-
MCM-41-Het and (c) MTZ-MCM-41-Hom.

for SBA-15 and MCM-41 (34.37 and 7.94 Å, respectively) was
calculated using the following equation [3]:

wall thickness = 2d1 0 0√
3

− BJH average pore diameter

After functionalization, a decrease in the SBET and BJH aver-
age pore diameter was observed (Table 1) that can be easily
interpreted due to the fact that the presence of pendant group
on the surface that partially blocks the adsorption of nitrogen
molecules.

3.3. FT-IR spectroscopy analysis

Figs. 5 and 6 show the IR patterns of mesoporous silicas
between 4000 and 400 cm−1. The main features of the SBA-15
and MCM-41 spectra are a large broad band between 3400 and
3200 cm−1 which is attributed to O H bond stretching of the

Table 1
Physical parameters of mesoporous silicas measured by N2 adsorption–
desorption isotherms

Sample BET surface area (m2/g) Pore diameter (BJH) (Å)

SBA-15 740 71.9
MTZ-SBA-15-Het 662 71.4
MTZ-SBA-15-Hom 507 69.0

M
M
M

Fig. 5. FT-IR spectra of (a) SBA-15, (b) MTZ-SBA-15-Het and (c) MTZ-SBA-
15-Hom.

surface silanols groups, and to the remaining adsorbed water
molecules. The siloxane, (Si O)n , peak appears as a broad
and strong peak centred at 1100 cm−1. Si O bond stretching
of silanol groups was detected at 900 cm−1. The adsorption
band at 1630 cm−1 is caused by deformational vibrations of
adsorbed water molecules [15,16]. On the other hand, func-
tionalized mesoporous silicas presented characteristic bands for
aliphatic C H stretching vibrations for pendant alkyl chains
around 3000–2800 cm−1 and bands at ca. 1600 and 1475 cm−1

due to C N and C C stretching vibrations of the attached MTZ
group.

3.4. 29Si MAS-NMR spectra

Figs. 7 and 8 show the 29Si MAS-NMR spectra of meso-
porous silicas. Bare silica (SBA-15 and MCM-41) shows mainly
two peaks at−105 and−95 ppm which are assigned to Q4 frame-
work silica sites ((SiO)4Si) and Q3 silanol sites ((SiO)3SiOH),
respectively [3,12]. Clearly, Q4 is the dominant peak in both

F
M

CM-41 1172 34.0
TZ-MCM-41-Het 805 21.8
TZ-MCM-41-Hom 804 21.7
 ig. 6. FT-IR spectra of (a) MCM-41, (b) MTZ-MCM-41-Het and (c) MTZ-

CM-41-Hom.
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Fig. 7. 29Si NMR spectra of (a) SBA-15, (b) MTZ-SBA-15-Het and (c) MTZ-
SBA-15-Hom.

spectra because it is the most abundant site. Functionalized sil-
icas present a large decrease in the intensity of the Q3 signal,
which verified the anchoring of the functional groups to Si OH.
In addition, two new peaks appeared at −45 and −60 ppm which
are assigned to T2 ((SiO)2SiOH–R) and T3 ((SiO)3Si–R) sites,
respectively.

3.5. Elemental analysis

It is possible to calculate the amount of attached molecules
onto the mesoporous silica surface (Lo) from the percentage of
nitrogen in the functionalized mesoporous silicas, calculated by
elemental analysis, using the following expression:

Lo = %N

nitrogen atomic weight
× 10

Comparing the amount of attached molecules on the sil-
ica surface (Table 2), it can be concluded that the degree of
functionalization obtained with SBA-15 and MCM-41 was sim-
ilar. However, as it can be observed, the quantity of anchored
molecules is always superior via the homogeneous functional-
ization method.

The presence of three alkoxy groups in the CPTS and silylat-
ing agent means that they can react with the silica surface via one,
two or all alkoxy groups. The C/N molar ratio obtained in homo-
geneous route indicates a 1:2 stoichiometry, between the silanol

Fig. 8. 29Si NMR spectra of (a) MCM-41 (b) MTZ-MCM-41-Het and (c) MTZ-
MCM-41-Hom.

groups on the silica surface and the silylating agent. However,
via heterogeneous route, the C/N ratio is higher than expected,
due to the presence of remaining unreacted chloropropyl groups
on the silica surface. In this case, the reaction of the chlori-
nated silica with MTZ is not completed, even when working
in excess of chelating ligand. The steric hindrance imposed by
pendant chloropropyl chains covalently bond to the mesoporous
silica surface may explain the lower degree of functionaliza-
tion observed in silicas prepared by the heterogeneous method
(MTZ-SBA-15-Het and MTZ-MCM-41-Het).

Taking into account Lo and SBET of the mesoporous silicas,
the average surface density, d, of the attached molecules and the
average intermolecular distance, l, can be calculated by applying
the following equations [17]:

d = N
Lo

SBET

l =
(

1

d

)1/2

where N is Avogadro’s number. As expected (Table 3) in meso-
porous silicas functionalized by the homogenous method d is
higher and l is lower than in mesoporous silicas functionalized
by the heterogeneous method, due to the better degree of func-
tionalization obtained with the homogeneous method. Also we



252 D. Pérez-Quintanilla et al. / Journal of Hazardous Materials B134 (2006) 245–256

Table 2
Functionalization degree of mesoporous silicas prepared by heterogeneous and homogenous methods

Nitrogen (wt.%)a Nitrogen (mmol/g) Carbon (wt.%)a Carbon (mmol/g) Lo (mmol/g)b C/Nc

MTZ-SBA-15-Het 0.53 ± 0.07 0.38 5.73 ± 0.01 4.78 0.38 12.6
MTZ-SBA-15-Hom 1.47 ± 0.09 1.22 11.38 ± 0.03 9.48 1.22 7.8
MTZ-MCM-41-Het 0.55 ± 0.04 0.39 12.01 ± 0.04 10.01 0.39 25.5
MTZ-MCM-41-Hom 1.54 ± 0.01 1.28 12.40 ± 0.07 10.33 1.28 8.1

a Average of two determinations ± S.D.
b Lo = millimoles of ligand per gram of functionalized silica = (% nitrogen × 10)/N atomic weight.
c C/N = mmol g−1 C/mmol g−1 N.

observed that values of d and l for the functionalized SBA-15
are higher and lower, respectively, than values observed for the
functionalized MCM-41. These results confirm a higher effi-
ciency in the functionalization of the SBA-15, probably due to
its higher pore diameter.

3.6. Thermal stability

Thermal stability of the modified mesoporous silicas has been
established by thermogravimetric analysis. The TGA profiles
indicate a comparable stability of the new materials, indepen-
dently of the synthetic method employed. As can be seen in
Figs. 9 and 10, bare silica presents a small loss of mass (7 and
3% for SBA-15 and MCM-41, respectively) between room tem-
perature and 120 ◦C due to physically adsorbed water (endother-
mic process). A second loss of mass of 0.5% (between 600
and 800 ◦C) is attributed to the increase of siloxane bridges
(Si O Si) because of isolated silanol condensation (exothermic
process). The TGA curves of the different modified materials
prepared (MTZ-SBA-15-Het, MTZ-MCM-41-Het, MTZ-SBA-
15-Hom and MTZ-SBA-15-Hom) are essentially identical. They
show that degradation process occurs between 275 and 600 ◦C
and the weight loss is about 16–20%, due to the breakage of pen-
dant groups anchored on the silica surface (exothermic process).
The mass loss observed for modified silicas via the homoge-
n
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with previous results given in the literature for other functional-
ized mesoporous silicas [1,18,19].

3.7. Chemical stability

The chemical stability of the functionalized mesoporous sili-
cas was examinated in acid and basic solutions. Each sample
was mixed with 1, 3 and 6 M HCl or NaOH solutions and
stirred at room temperature during 24 h. The change in the
degree of functionalization was calculated by elemental anal-
ysis of the samples before and after the chemical treatment. As
is shown in Table 4, after acid treatment (6 M HCl) the per-
centage of nitrogen in the functionalized mesoporous silicas
was not modified, except in the MTZ-SBA-15-Het where an
important decrease was observed. The high stability exhibited
by the attached organofunctional group presumably is due to the

(CH2)3 group which binds the MTZ to the mesoporous silica

Fig. 9. Thermogravimetric curves and heat flow of (a) SBA-15, (b) MTZ-SBA-
15-Het and (c) MTZ-SBA-15-Hom.
eous method (MTZ-SBA-15-Hom and MTZ-MCM-41-Hom)
s in agreement with the amount of ligand covalently bound to
he support (Table 2), calculated by elemental analysis. However,
or samples prepared by the heterogeneous route (MTZ-SBA-
5-Het and MTZ-MCM-41-Het), a higher weight loss than the
xpected value is observed. An explanation for this is the pres-
nce on the silica surface of unreacted chloropropyl pendant
hains. The thermal stability of these samples is in agreement

able 3
urface molecular density and intermolecular distance for mesoporous silicas
unctionalizated by heterogeneous and homogenous methods

da lb

TZ-SBA-15-Het 0.3 1.8
TZ-SBA-15-Hom 0.8 1.1
TZ-MCM-41-Het 0.2 2.2
TZ-MCM-41-Hom 0.7 1.2

a Molecular density (molecules/nm2).
b Intermolecular distance (nm).
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Table 4
Functionalization degree of mesoporous silicas prepared by heterogeneous and homogenous methods after its treatment with acid (6 M HCl)

Nitrogen (% weight)a Nitrogen (mmol/g) Carbon (% weight)a Carbon (mmol/g) Lo (mmol/g)b C/Nc

MTZ-SBA-15-Het 0.19 ± 0.02 0.13 4.46 ± 0.06 3.71 0.13 28.1
MTZ-SBA-15-Hom 1.48 ± 0.01 1.23 10.86 ± 0.05 9.05 1.23 7.3

MTZ-MCM-41-Het 0.47 ± 0.01 0.34 7.89 ± 0.01 6.57 0.34 19.5
MTZ-MCM-41-Hom 1.52 ± 0.01 1.08 8.64 ± 0.01 7.20 1.08 6.6

a Average of two determinations ± S.D.
b Lo = millimoles of ligand per gram of functionalized mesoporous silica = (% nitrogen × 10)/M atomic nitrogen.
c C/N = mmol g−1 C/mmol g−1 N.

surface. It has been shown that when the length of the hydrocar-
bon bridge was more than two methylene groups, the rupture of
Si C bond did not occur in mineral acid medium [20,21]. On
the other hand, functionalized mesoporus silicas were not stable
in alkali solutions due to the breaking of the Si O Si bonds by
hydroxide ions attack [13].

3.8. Adsorption of Hg (II) from aqueous solution

Adsorption studies of Hg (II) were carried out in buffer a pH 6
because preliminary studies carried out in our group with amor-
phous silica functionalized with the same ligand demonstrated
that at this pH the adsorption is maximum (unpublished data). At
pH greater than 6, metal hydrolysis and breakage of the covalent
bond between surface hydroxyls groups and the silylating agent
may occur, also free silanol groups become active at higher pH
and can contribute also in the metal adsorption process.

F
M

The amount of mercury taken up by the previously synthe-
sized materials from aqueous solution was determined using the
equation:

Nf = ni − ne

m

where ni is the initial number of moles of mercury added to the
system, ne the amount remaining after the equilibrium and m is
the mass in grams of the adsorbent.

One important characteristic of the prepared material is the
velocity with which the solid phase adsorbs Hg (II) from the
aqueous solution and attains the equilibrium conditions. Plots of
Nf versus stirring time indicate that the time required to establish
sorption equilibrium was no greater than 4 h. The reasonably
fast kinetics of the matrix–metal ion interaction reflect the good
accessibility of the chelating sites of the modified matrix.

Other important characteristic of a heavy metal adsorbent
is its capacity with respect to the particular ion under inves-
tigation. In order to determine this capacity, the amount of
mercury loaded by the synthesized material (Nf) was calculated
as a function of the initial concentration of the metal in the
solution (1.7, 6.5, 33, 286, 647 and 2870 ppm). The resulting
isotherms provided the maximum adsorption value with an ini-
tial Hg (II) concentration of 647 ppm, and this value was between
0.12 ± 0.01 and 1.10 ± 0.02 mmol Hg (II)/g (Table 5). On the
other hand, the maximum adsorption capacity of the unmodified
m
(
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ig. 10. Thermogravimetric curves and heat flow of (a) MCM-41, (b) MTZ-
CM-41-Het and (c) MTZ-SBA-15-Hom. s
esoporous silica was found to be only 0.005 ± 0.002 mmol Hg
II)/g of SBA-15 and 0.06 ± 0.02 mmol Hg (II)/g of MCM-41,
hich is much lower than values given for modified silicas.
s can be seen in Table 5, in both cases, mercury adsorption
as higher in the mesoporous silicas prepared by the homoge-
eous method (MTZ-SBA-15-Hom and MTZ-MCM-41-Hom).
he higher amount of molecules with basic properties anchored
y the homogenous route justified the better values obtained

able 5
dsorption capacity of Hg (II) in aqueous media (pH 6) by mesoporous silicas
repared by heterogeneous and homogeneous methods

ilica preparation Nf
a

TZ-SBA-15-Het 0.12 ± 0.01
TZ-SBA-15-Hom 1.10 ± 0.02

TZ-MCM-41-Het 0.25 ± 0.01
TZ-MCM-41-Hom 0.70 ± 0.01

a Adsorption capacity (mmol of Hg (II) adsorbed per gram of functionalized
ilica). Average of three determination ± S.D.
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Table 6
Fraction of surface-attached ligand bonded to the Hg (II) for mesoporous silicas
prepared by heterogeneous and homogenous methods in water solution

Silica preparation ϕa

MTZ-SBA-15-Het 0.24
MTZ-SBA-15-Hom 0.90

MTZ-MCM-41-Het 0.64
MTZ-MCM-41-Hom 0.55

a Fraction of surface attached ligand bonded to the Hg (II).

versus the heterogeneous route (Table 2). Assuming, that only
the organofunctional groups are responsible for metal adsorp-
tion, the maximum value of Nf is determined by the number
of molecules attached to the surface, the nature of the sur-
face complexes and the stability of the complexes. Comparing
results shown in Table 2 with the adsorption capacity observed
for bare silica (0.005 ± 0.002 mmol Hg (II)/g of SBA-15 and
0.06 ± 0.02 mmol Hg (II)/g of MCM-41), it is clear that func-
tionalization of mesoporous materials improves its heavy metal
adsorption capacity.

As an indicator of mercury adsorption efficiency, the fraction
of surface attached ligand bonded to metal ion (ϕ) is calculated
by the equation [22,23]:

ϕ = Nf

Lo

The values of ϕ for each preparation in aqueous solutions at
pH 6 are shown in Table 6. As can be observed, the modified
mesoporous silica (MTZ-SBA-15-Hom) displays the best mer-

cury adsorption efficiency (ϕ = 0.9) that indicates a high access
of mercury ions to every complexating sites in the uniform meso-
pore channels.

Reported Hg (II) adsorption data in aqueous media using
functionalized mesoporous silica with several ligands are col-
lected in Table 7. The names of the mesoporous silica materials
contribute a problem because they cannot easily be used as a
description of the structure. They were chosen by the institution
which discovered the respective material. Thus codes MCM-
41, MCM-48 and MCM-50, mentioned before, stand for Mobil
Composition of Matter 41, 48 and 50. The numbers are just con-
secutive identifiers that were given to these materials. A problem
is that, even though these three materials are structurally related
(as their codes imply), the material MCM-22 for example has
nothing in common with the other three materials. Even worse
is that there are materials which are almost identical to MCM-
41 but have completely different codes as HMS included in this
comparative study. Therefore, the literature of the field is diffi-
cult to understand or even confusing if the reader is not up to
date. BET surface area for mesoporous materials included in
Table 7 ranges from 812 for the HMS-T00b with lower surface
area to 1264 m2/g for the MCM-41. The porous diameter var-
ied from 19 Å, within the lower limit defined for the IUPAC for
mesoporous materials, to 200 Å. Focusing on the type of lig-
and, the most common ligands anchored onto mesoporous sup-
ports involve alkylthiols and alkylamines as functional groups.
T
r
a
m
t

Table 7
Bibliographic dates about functionalized mesoporous silica for the mercury adsorptio

Entry Silica SBET (m2/g)a Porous diameter (Å)b Anchored ligan

1 HMS 854 – Si (CH2)3S
2 HMS-C12 854 36 Si (CH2)3S

2)3S

2)3N

2)3N

2)3N

2)3N

2)3N

2)3S
1 2)3S
1 2)3N
1 2)3S
1 2)3N
1 2)3S
1 2)3S
1 2)3

2 CH
1 2)3S
1 2)3N

(

3 HMS-C18 1200 19 Si (CH
4 HMS-T00a 825 20 Si (CH
5 HMS-T00b 812 28 Si (CH
6 HMS-T05 825 30 Si (CH
7 HMS-T10 839 31 Si (CH
8 HMS-T15 939 31 Si (CH
9 MCM-41 – – Si (CH
0 MCM-41 – – Si (CH
1 MCM-41 – – Si (CH
2 MCM-41 1000 200 Si (CH
3 MCM-41 900 50 Si (CH
4 MCM-41 900 55 Si (CH
5 MCM-41 1264 25 Si (CH
6 MCM-41 900 50 Si (CH

NH CH
7 SBA-15 814 76 Si (CH
8 SBA-15 814 76 Si (CH

–) Date not calculated.
a BET area of the functionalized mesoporous silica.
b Porous diameter of functionalized mesoporous silica.
c mmol of ligand per gram of functionalized silica.
d mmol of Hg (II) adsorbed per gram of functionalized silica.
e Available commercially ligand.
he functionalization of the supports is achieved by one step
eaction of silanol groups with 3-mercaptopropyltrialkoxysilane
nd 3-aminopropyltrialkoxysilane, the so-called homogeneous
ethod (entries 1–15). Alkoxysilanes are much less reac-

ive than other chlorosilane and disilazane compounds used

n in aqueous media

d Synthetic method Lo
c Nf

d Ref.

He Homogeneous 1.5 1.5 Mercier et al. [24]
He Homogeneous 1.5 1.5 Mercier et al. [25]
He Homogeneous 0.90 0.55 Mercier et al. [25]
H2

e Homogeneous 1.30 0.66 Kim et al. [26]
H2

e Homogeneous 1.77 0.87 Kim et al. [26]
H2

e Homogeneous 0.99 0.71 Kim et al. [26]
H2

e Homogeneous 1.55 0.64 Kim et al. [26]
H2

e Homogeneous 0.49 0.50 Kim et al. [26]
He Homogeneous – 2.28 Liu et al. [27]
He Homogeneous – 2.99 Liu et al. [28]
H2

e Homogeneous – 0.40 Liu et al. [27]
He Homogeneous – 3.06 Chen et al. [29]
H2

e Homogeneous 1.95 – Antochshuk et al. [11]
He Homogeneous 5.2 1.05 Feng et al. [30]
He Homogeneous 0.57 0.59 Mercier et al. [25]
NH CS

CH2

Heterogeneous 1.70 1.5 Antochshuk et al. [11]

He Homogeneous – 2.43 Liu et al. [27]
H2

e Homogeneous – 0.38 Liu et al. [27]
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for this purpose, therefore small amounts of water improve
the surface functionalization reaction obtaining higher load-
ing of functional groups on the silica surfaces. On the other
hand, when mesoporous silica has been modified using a new
ligand, commercially unavailable, the heterogeneous method
has been preferably used. The alkylamine, alkylchlorine or
alkylthiol monolayer covalently bound to the support reacts
with a chelating ligand in a two steps procedure (entry 16).
As can be seen in Table 7, the range of data reported for
Lo and Nf is very wide. The surface coverage oscillates
between the 0.49 mmol/g for HMS-T15 modified with 3-
aminoproyltrimethoxisilane (entry 8) and 5.2 mmol/g for MCM-
41 modified with 3-mercaptoproyltrimethoxisilane (entry 14).
The loading capacity data published are again quite varied,
with a maximum Nf reported of 3.06 mmol Hg/g of mesoporous
silica obtained by Chen (entry 12) for MCM-41 coated with

Si (CH2)3SH and a minimum of 0.38 mmol Hg/g of meso-
porous silica obtained by Liu (entry 18) for SBA-15 coated with

Si (CH2)3NH2. It is interesting to note no close correlation
among published data, for example MCM-41 material (entries
9–16) based on mercaptopropylsilyl or aminopropylsilyl func-
tionalization of a calcined form of MCM-41, with comparable
surface area and pore size, presents different ligand concentra-
tion and mercury retention. Nevertheless, it is clear the influence
of the ligand nature grafted onto the silica on metal uptake capac-
ity (entries 9 and 12). Comparing the values shown in Table 7
w
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15 show better adsorption capacity than functionalized
MCM-41.
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