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Unité Mixte de Recherche UMR 7564, CNRS Université H. Poincaré Nancy I, 405,
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Mercaptopropyl-functionalized silica spheres have been prepared by self-assembly co-
condensation of mercaptopropyltrimethoxysilane (MPTMS) and tetraethoxysilane (TEOS)
precursors in the presence of a cationic surfactant as templating agent and ammonia as
catalyst. Several materials have been obtained by varying the MPTMS content from 5 to
100% in the synthesis medium, giving rise to a wide range of porous solids featuring different
functionalization levels (denoted MPS-n%, with n ranging from 5 to 100) and distinct
structural order/disorder over different length scales. They were characterized by N2 sorption
isotherms, XRD, scanning and transmission electron microscopy, and particle size analysis.
Their reactivity in aqueous media was studied with respect to their binding properties toward
HgII species by complexation with thiol groups. Total accessibility (expressed on the basis of
a 1:1 S/Hg stoechiometry) was demonstrated and quantified for well-ordered materials
containing up to 30% MPTMS. Less open structures characterized by a high degree of
functionalization were subject to less-than-complete sorption capacities, while, however,
reaching maximum loading values as high as 750 mg g-1. The speed of the uptake process
was studied from batch experiments by using a fast electrochemical technique to monitor
the consumption of the reactant, as a function of time, as a consequence of HgII sorption by
the MPS materials. The associated apparent diffusion coefficients were calculated according
to a spherical diffusion model, by appropriate fitting of the kinetic curves. They were strongly
affected by both the structure and density of functional groups in the MPS sorbents. Whereas
the long hexagonally packed one-dimensional channels of MPS-5% and MPS-10% may induce
some diffusional restrictions for HgII to reach the binding sites located deep in the mesopores,
transport issues within MPS-15% to MPS-30% sorbents is facilitated by a shorter range
structural order in the form of three-dimensional wormhole framework structures. Increasing
further the content of organic groups in the materials led to poorly ordered (MPS-40% and
MPS-50%) and even amorphous (MPS-70% and MPS-100%) solids, resulting in considerable
lowering of mass transfer rates, to which the concomitant increase of hydrophobicity may
also contribute to a significant extent. The differences in sorption rates exhibited by MPS
materials appear therefore to result from differences in their relative long-range versus short-
range structural order/disorder and their intrinsic hydrophobicity, which are induced by
their functionalization levels.

1. Introduction

Organic-inorganic hybrid materials that combine in
a single solid the structural properties of the rigid
inorganic lattice with the intrinsic chemical reactivity
of the organic components have generated enormous
developments in several scientific disciplines during the
past decade, as illustrated in many well-documented
reviews.1-3 Of special interest are those hybrids ascribed
to class II,2a where the inorganic and organic counter-
parts are linked via strong-type interactions (covalent
or iono-covalent bonds), because they allow durable

immobilization of the reactive centers within the mate-
rial, preventing therefore any leaching event in the
surrounding medium. They can be prepared either by
post-grafting of as-synthesized materials via reaction
with a selected organosilane, or in one step, by co-
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condensation of a tetraalkoxysilane and one (or more)
organoalkoxysilane(s). This area has benefitted from the
discovery of ordered mesoporous silicas,4 which has
greatly expanded the possibilities for the design of open-
pore structures.3 Organic-inorganic silica-based hybrids
are offering opportunities for applications in many
fields, such as catalysis,5 separation sciences,6 sensors,7
optics and photonics,8 electrochemistry,9 and biology
(e.g., bioencapsulation and biosensors),10 as well as
adsorption and pollutant removal for which better
performance was achieved with ordered solids display-
ing regular arrays of uniform-sized channels in com-
parison to the corresponding amorphous materials.11

Two critical parameters governing the performance
of organic-inorganic hybrid materials are the acces-
sibility to the active centers and the speed at which
reactants can reach these sites within the porous
structure (in addition to the particular chemical reactiv-
ity that can be tuned by appropriate choice of the
organic groups, of course). It has been clearly estab-
lished that the resort to periodic mesoporous organo-
silicas, obtained either by post-grafting synthesis12 or
by the co-condensation route,13 led to better accessibility
to the internal organic groups in comparison to that of
related amorphous solids.11 This was mainly demon-

strated for the uptake of mercury(II) species by thiol-
functionalized mesoporous silica samples, as reported
by the groups of Liu, Mercier, and Pinnavaia:11a-d,e-j,l,m,s,t

access to all the binding sites (100% of SH groups
complexed with HgII) can be achieved in micelle-tem-
plated mesostructures with pore diameters larger than
2.0 nm, leading to high capacity adsorbents. The ad-
vantage of uniform pore structure was also pointed out
in heterogeneous catalysis.5,14 On the other hand, the
speed at which solution-phase species are allowed to
move to the active centers located inside the mesoporous
structure was only sparingly considered in the
literature,11g,t,15 despite its critical role in applications
where mass transport is the rate-determining step, such
as electrochemical analysis at chemically modified
electrodes9c-f,16 or pollutant removal from diluted solu-
tions.11 Kinetics associated with the binding of HgI4

2-

species on a mesoporous silica grafted with thiol groups
(5-nm pore size) were first qualitatively examined by
Mattigod et al.11g who have reported rather fast diffu-
sion processes inside the material (80-95% uptake
within the first 5 min of reaction). Our group has
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provided a more quantitative approach, which was
applied to the study of diffusion processes of several
reactants (H+, CuII, HgII) in various silica samples
grafted with either aminopropyl or mercaptopropyl
groups, ranging from amorphous silica gels with differ-
ent porosity15a to ordered mesoporous silicas of different
structure and pore size.15b It was demonstrated that the
reaction rates were usually higher in well-organized
internal porous structures than in amorphous particles
(of similar pore size), because of lower resistance to
diffusion in the former case. After appropriate fitting
of the experimental kinetic curves, it was possible to
evaluate the apparent diffusion coefficients in the
materials. They were found to be affected by several
parameters (such as pore size of the adsorbent, density
of organic groups in the hybrid, structure of the mate-
rial, size, and charge of the reactant) and decreased as
the extent of reaction increased, especially at high
loadings.15 Finally, by studying HgII adsorption in thiol-
functionalized mesoporous silica spheres of big size (10-
12 µm) and applying another kinetic model, Bibby and
Mercier11t have observed a different trend in which the
diffusion coefficient values were increasing as a function
of time, suggesting an apparent acceleration of the
uptake process upon filling the adsorbent.

To go one step further in comparison to our previous
works dealing with diffusion kinetics in grafted silicas
(amorphous or ordered),15 we provide here a detailed
study of accessibility and mass transport rates in
organic-inorganic hybrids prepared by the co-conden-
sation route. Mesoporous materials prepared by this
direct assembly pathway are characterized by a regular
distribution of organic groups, in a more uniform way
than that obtained by the postsynthesis grafting.17 For
the purposes of the present investigation, the selected
process was the uptake of HgII species from aqueous
solutions by complexation to thiol groups anchored into
silica matrixes prepared by the sol-gel method in the
presence of a surfactant template. Materials synthesis
was performed from mixtures of 3-mercaptopropyl-
trimethoxysilane (MPTMS) and tetraethoxysilane (TEOS)
in the presence of a cationic surfactant, in conditions
leading to the production of organically modified me-
soporous silica spheres, according to our recently pub-
lished procedure.18 To elucidate the influence of various
factors that are expected to affect the mercury uptake
efficiency, several adsorbent samples have been pre-
pared from starting sols containing MPTMS and TEOS
in various ratios (ranging from 0% to 100% MPTMS),
which is expected to give materials displaying very
different structures and properties (ordered or amor-
phous, long-range or short-range order, wide range of
organic group contents, variable hydrophobicity, etc.).
The choice of this system was otherwise dictated by the
fact that mercapto-functionalized mesoporous silicas
have received considerable attention as heavy-metal
trapping agents.11a-d,e-j,l-n,s-u After a thorough exami-
nation of the materials structure and properties by
various physicochemical techniques, the HgII adsorption

isotherms will be constructed in both lack and excess
of reactant with respect to the theoretical maximal
capacity of the adsorbents, and kinetic uptake profiles
will be determined by using a previously developed
electrochemical method15 enabling a fast and continuous
monitoring of the uptake process with time. The appar-
ent diffusion coefficients will be calculated according to
a spherical diffusion model, and results will be discussed
by taking into account the various structural and
chemical characteristics of the adsorbents. Comparison
to the corresponding grafted materials also will be
provided.

2. Experimental Section

2.1. Chemicals and Reagents. Mercury(II) solutions were
obtained from its nitrate salt (Hg(NO3)2 sattention, mercury
is highly toxics, which was purchased from Prolabo. They
were prepared daily by diluting a stock solution of 0.10 M (in
0.1 M HNO3) in high purity water (18 MΩ cm) obtained from
a Millipore Milli-Q water purification system. Their concentra-
tion was checked using a certified standard solution, at 1.001
( 0.002 g L-1 HgII, which was purchased from Merck. All other
reagents were analytical grade and all solutions were prepared
with high purity water.

Analytical-grade chemicals from the following suppliers
were used as purchased for all solid sample preparations:
tetraethoxysilane (TEOS, >98%, Merck), mercaptopropyl-
trimethoxysilane (MPTMS, 95%, Lancaster), cetyltrimethy-
lammonium bromide (CTAB, 98%, Fluka), ammonia (28%
aqueous, Prolabo), ethanol (95-96%, Merck), and HCl (37%,
Prolabo).

2.2. Preparation of Thiol-Functionalized Hybrid Ma-
terials. One-pot syntheses of thiol-functionalized silicas were
performed according to our previously published procedure,
which was designed to get organically modified mesoporous
silica spheres with MCM-41 architecture.18 In this case,
however, samples containing higher and variable concentra-
tions of mercaptopropyl groups have been prepared. The
typical molar composition of reagents was 1:0.41:11.8:65:175
precursors/CTAB/ammonia/ethanol/water, with precursors
made of MPTMS/TEOS ratios varying from 0 to 100%. CTAB
(2.4 g) was dissolved in 50 mL of deionized water and 45 mL
of ethanol (95-96%) to which 13 mL of 28% aqueous ammonia
was added. The precursor mixture was prepared by dissolving
appropriate ratios of MPTMS and TEOS in 5 mL of ethanol,
which was then added to the surfactant-plus-catalyst solution
under vigorous stirring. Condensation occurred within 2 min.
The resulting white precipitate was stirred for 2 h at room
temperature. The product was then isolated by vacuum
filtration on a Büchner funnel and washed alternatively with
water and ethanol. The resulting powder was dried under
vacuum (<10-2 bar) for 24 h. The surfactant was removed from
the hybrid material by acid/solvent extraction by suspending
the solid particles in 1 M HCl in ethanol (1 g solid in 100 mL
solution), which was then allowed to reflux during 18 h. After
the solution was filtered and washed with ethanol, the solid
was dried according to the aforementioned conditions. The
functionalized materials have been named herein as MPS
(mercaptopropyl-silica), followed by the MPTMS ratio in the
starting sol (MPS-0% or MCM-41, MPS-5%, MPS-10%, MPS-
15%, MPS-20%, MPS-25%, MPS30%, MPS-40%, MPS-50%,
MPS-70%, and MPS-100%). The amount of organic groups in
the final materials was determined from elemental analyses
performed at the Service Central d’Analyse of the CNRS at
Lyon, France.

For comparison purposes, three other silica samples grafted
with mercaptopropyl groups were also used: a small-pore
MCM-41 (∼35 Å pore size), a large-pore SBA-15 (∼65 Å pore
size), and an amorphous silica gel (SI60 from Geduran, ∼75
Å pore size). They have been obtained as previously de-
scribed.15 The resulting grafted solids contain respectively 1.5,
1.0, and 1.5 mmol SH group per gram; they are characterized

(17) (a) Lim, M. H.; Stein, A. Chem. Mater. 1999, 11, 3285. (b)
Mercier, L.; Pinnavaia, T. J. Chem. Mater. 2000, 12, 188. (c) Corriu,
R. J. P.; Lancelle-Beltran, E.; Mehdi, A.; Reyé, C.; Brandès, S.; Guilard,
R. J. Mater. Chem. 2002, 12, 1355.
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26, 384.

MPS Sorption Rates due to Structural Order and Hydrophobicity Chem. Mater., Vol. 15, No. 22, 2003 4183



by specific surface areas of 818 m2 g-1 (MCM-41-SH), 467 m2

g-1 (SBA-15-SH), and 314 m2 g-1 (Geduran-SH), and average
particle sizes of 8, 6, and 63 µm, respectively.

2.3. Instrumentation. Powder X-ray diffraction data were
collected at room temperature using a classical powder dif-
fractometer (X’PERT PRO, Philips), equipped with a Cu anode
(quartz monochromator, KR1 radiation, λ ) 0.154056 nm).
Nitrogen adsorption-desorption measurements were per-
formed at 77 K with a Coulter instrument (model SA 3100),
in the relative pressure range from about 10-5 to 0.99. Specific
surface areas and pore sizes were calculated by the BET and
BJH methods, respectively. All samples were dried at 50 °C
for a minimum of 12 h under vacuum before carrying out the
nitrogen adsorption experiments. Scanning electron micros-
copy (SEM) was performed with a Philips XL30 apparatus,
and transmission electron microscopy (TEM) pictures were
obtained from a Philips CM20 microscope operating at 200
keV. Particle size distribution was measured with using a light
scattering analyzer (model LA920, Horiba), based on the Mie
scattering theory.

2.4. Procedures. 2.4.1. Batch Experiments: Adsorption
Isotherms at Various Mercury(II) Concentrations. The maxi-
mum capacity of materials for mercury(II) species was deter-
mined after 24 h reaction in a medium containing the reactant
in excess, by solution phase analysis of the remaining reactant
concentration. Quantitative analysis of mercury(II) in solution
was carried out by anodic stripping differential pulse volta-
mmetry on gold electrode,19 using a µ-Autolab potentiostat
associated with the GPES electrochemical analysis system (Eco
Chemie). Measurements were performed in a conventional
single-compartment cell assembled with a rotating gold elec-
trode, an Ag/AgCl reference electrode (Metrohm, 6.0733.100),
and a Pt wire auxiliary electrode. The electrolyte medium was
made of 1.2 10-3 M EDTA (ethylenediaminetetraacetate,
disodium form, 99%, from Prolabo), 7.2 10-3 M NaCl (Prolabo),
and 2.8 10-4 M HClO4 (Riedel-de Haën). Stripping voltammo-
grams were recorded after 30-s electrolysis at +0.3 V, by
scanning potentials in the differential pulse mode up to +0.8
V. Analysis was performed after appropriate dilution (if
necessary) to fall into the linear range of the technique (0.1-1
µM). The maximum capacity results obtained from solution-
phase HgII determination were confirmed by solid-phase
analysis of HgII adsorbed on the materials, which was per-
formed by the Service Central d’Analyse of the CNRS at Lyon,
France.

The same analytical technique was applied to construct the
sorption isotherms for HgII on MPS materials. Typically, 20
mgof solid was suspended in 20 mL of solutions containing
various HgII concentrations in the 0.05-20 mM range (in 0.1
M HNO3), to cover wide experimental conditions extending
from lack to large excess of reactant with respect to the
amounts of thiol groups in the materials. The suspensions were
allowed to react under stirring during 24 h, the solids were
then filtered off, and the remaining HgII concentrations in
solution were determined by the aforementioned method after
appropriate dilution if necessary. The amounts of adsorbed
HgII were calculated by difference from the starting concentra-
tions and expressed by mass of MPS material.

2.4.2. Kinetic Experiments: Adsorption of Mercury(II) as a
Function of Time. Because the uptake processes were often
very fast, an electrochemical method recently developed by our
group15 was used to continuously monitor the solution-phase
HgII directly in MPS suspensions, which was preferred over
intermittent concentration measurements (discontinuous analy-
sis of remaining HgII in solution after solid filtration, which
was used elsewhere11g,t). The method is based on the continu-
ous amperometric analysis of HgII species at a rotating disk
electrode in conditions where steady-state currents are directly
proportional to their concentration. Briefly, a constant poten-
tial of -0.5 V (vs SCE) is applied to a glassy carbon rotating
disk electrode (rotation speed 2000 rd min-1) until reaching a

steady-state current in a 200-mL solution containing HgII at
a selected starting concentration (in 0.1 M HNO3). A weighed
amount of MPS is then added into the cell, after being
previously dispersed in a 5-mL aliquot of water under soni-
cation to ensure a steady-state distribution of particle size,
and HgII consumption is measured by recording the decrease
in transient currents at the rotating electrode (two sampling
points per second). Particle size distributions are measured
afterward. Other calibration details and control experiments
have been reported previously.15a The experiments have been
carried out at room temperature in an undivided three-
electrode cell using a model 283 potentiostat/galvanostat from
EG&G Princeton Applied Research (PAR), monitored by the
M270 electrochemical research software (EG&G PAR). The
reference was the silver/silver chloride electrode (Ag/AgCl).

2.4.3. Kinetic Data Treatment. The rate of HgII uptake by
MPS materials is expected to be the physical diffusion of the
analytes inside the organically modified porous structures.
This rate-determining step is mainly affected by the particle
size (and shape) and the apparent diffusion coefficient of the
analyte inside the particle. From measurements of both
particle size distribution and HgII sorption data as a function
of time, it is possible to estimate the apparent diffusion
coefficient of reactive species within the material. This is done
by plotting kinetic data in the form of the variation of Q/Q0

ratios with time, where Q is the amount of reactant that has
reached the binding sites within/on the solid particles at time
t, and Q0 is the maximum amount of accessible binding sites
for the target analyte species (i.e., the amount of sorbed HgII

after 24 h). These curves were then fitted to a spherical non-
steady-state diffusion model20 by assuming a homogeneous
distribution of thiol groups inside the porous material (which
is an acceptable hypothesis for hybrids obtained by the co-
condensation route17), according to eq 1 as established in the
form of level-headed sum of each contribution of populations
displaying the same particle size ax, which was applied earlier
to both amorphous and ordered silicas grafted with amine or
thiol groups.15

where Q/Q0 has been defined above, D is the apparent diffusion
coefficient (denoted Dapp hereafter), a is the particle size radius,
ierfc is the error function, t is time, and fax is the relative
fraction of particles having the same size ax. This fraction
ranges from 0 to 1 and is determined from particle size
distribution measurements.

3. Results and Discussion

3.1. Characterization of Materials. The mercap-
topropylsilyl-functionalized silica-based materials have
been prepared through a direct assembly pathway at
room temperature in the presence of a surfactant
template (CTAB) in conditions leading to the formation
of regular spheres with internal mesostructure (am-
monia catalyst in water/ethanol medium).18 A wide
range of functionalized solids was synthesized over the
full stoichiometric range of 0-100% MPTMS in the
starting mixture relative to the whole precursors con-
tent (MPTMS + TEOS). Their main physicochemical
characteristics are summarized in Table 1.

In agreement with previous reports describing the
preparation of similar materials by other routes (acid

(19) Bonfil, Y.; Brand, M.; Kirowa-Eisner, E. Anal. Chim. Acta 2000,
424, 65.

(20) Crank, J. The Mathematics of Diffusion; Clarendon Press:
Oxford, 1975.
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or base catalysis, different structure-directing agents,
and variable temperature),17b,21,22 the framework me-
sostructures were better expressed at low organic group
contents. Figure 1 depicts the powder XRD patterns for
most of the samples synthesized in this work. They can
be distinguished into several categories. The pure silica
solid and those containing low thiol contents (MPS-5%
and MPS-10%) display a typical hexagonal MCM-41
structure, with XRD patterns featuring one main cor-
relation reflection at 2θ angles between 2° and 3° and
two weaker reflections at higher 2θ angles, correspond-
ing respectively to diffraction plans that could be

indexed as 100, 110, and 200. The hexagonal structure
was also evidenced by high resolution TEM, as il-
lustrated in Figure 2 for the pure silica MCM-41 (part
a) and the MPS-5% sample (part b). The regular
mesostructure was maintained after template removal.
At such low loadings of mercaptopropyl groups, the
framework pore sizes decreased slightly when leveling
up the amount of organic groups in the mesopores
(Table 1).

(21) Margolese, D.; Melero, J. A.; Christiansen, S. C.; Chmelka, B.
F.; Stucky, G. D. Chem. Mater. 2000, 12, 2448.

(22) (a) Mori, Y.; Pinnavaia, T. J. Chem. Mater. 2001, 13, 2173. (b)
Richer, R.; Mercier, L. Chem. Mater. 2001, 13, 2999. (c) Beaudet, L.;
Hossain, K.-Z.; Mercier, L. Chem. Mater. 2003, 15, 327.

Table 1. Physicochemical Characteristics of Mercaptopropyl Silica Samples

powder XRD nitrogen adsorption average particle sizec

sample
d spacing

(Å)

BET
surface area

(m2 g-1)

total
pore volume

(cm3 g-1)

average
pore sizeb

(Å)

isolated
particle

(µm)
aggregates

(µm)

amount of
mercaptopropyl

groups
(mmol g-1)

MCM-41 35 1264 0.87 27 0.56 5.8 ( 1.4 0.00
MPS-5% 34 1431 0.81 23 0.59 5.5 ( 1.2 0.53
MPS-10% 33 1598 0.76 20 0.62 6.5 ( 1.9 0.89
MPS-15% 31 1269 0.58 < 20 0.61 5.4 ( 1.1 1.55
MPS-20% 29 1073 0.50 < 20 0.58 6.4 ( 1.1 2.26
MPS-25% 29 819 0.41 < 20 0.56 6.7 ( 0.5 2.59
MPS-30% 28 757 0.38 < 20 0.55 9.3 ( 1.4 3.18
MPS-40% 27 474 0.25 < 20 0.52 12.4 ( 1.2 4.03
MPS-50% 25 340 0.18 < 20 0.50 15.9 ( 1.1 4.69
MPS-70% nma 3.4 0.01 nma 0.51 14.8 ( 0.7 6.1
MPS-100% nma 2.5 0.01 nma 0.44 22.0 ( 2.0 7.0
a Not measurable. b Determined from the BJH method. c From triplicate measurements. d Expressed per gram of functionalized material.

Figure 1. Powder X-ray diffraction patterns for cetyltrim-
ethylammonium-assembled nanoporous silica derivatives, or-
ganically modified with mercaptopropyl groups (MPS), which
are depicted as a function of the molar percent of MPTMS in
the starting sol: (a) MCM-41 (0%), (b) MPS-5%, (c) MPS-10%,
(d) MPS-15%, (e) MPS-20%, (f) MPS-25%, (g) MPS-30%, (h)
MPS-40%, (i) MPS-50%, (j) MPS-70%, and (k) MPS-100%.

Figure 2. TEM micrographs of some surfactant-extracted
nanoporous silica derivatives: (a) MCM-41, (b) MPS-5%, (c)
MPS-20%, and (d) MPS-40%.
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Increasing further the fraction of organosilane in the
reaction mixture (up to 50% MPTMS) resulted in the
formation of mesoporous wormhole framework struc-
tures, exhibiting a characteristic single low-angle XRD
peak (Figure 1, curves d-i), similarly to what was
previously observed for hybrid materials synthesized via
the neutral amine route.22a The resulting particles were
still sphere-shaped (Figure 2, part c and d) and most of
the organosilane introduced in the synthesis medium
(>95%) was incorporated in the final products, as
pointed out by elemental analysis (Table 1). This was
also confirmed by 29Si NMR: distinct resonances were
observed for the siloxane [Qn ) Si-(OSi)n-(OH)4-n, n
) 2-4; Q4 at -110 ppm, Q3 at -101 ppm] and orga-
nosiloxane [Tm ) RSi-(OSi)m-(OH)3-m, m ) 1-3; T3

at -65 ppm, T2 at -56 ppm] species. Regardless of the
efficiency of the organosilicon incorporation into the
hybrid structures, it is noteworthy that increasing the
MPTMS/TEOS stoichiometry induced restriction of the
long-range structural order (increased structure defects,
decreased length of the one-dimensional mesopores).
Amorphous solids were formed when using 70% or 100%
MPTMS in the starting sol (flat XRD patterns, see
Figure 1, curves j and k), in agreement with a previous
investigation reporting the absence of mesostructure
formation when the synthesis mixture contained a
fraction of organosilane higher than 60%.22a

Nitrogen adsorption-desorption isotherms for all
products are provided in Figure 3, displaying also the
variation of specific surface area and total pore volume
with respect to the relative MPTMS/TEOS stoichiom-
etry. All ordered materials showed type IV isotherms23

(especially well-defined for the hexagonal MCM-41
samples), which are characteristic of mesoporous solids,
the condensation step being, however, less developed for
higher extent of functionalization. The hybrid samples
exhibited virtually no hysteresis loops at low p/p0

values, suggesting a rather homogeneous distribution
of the organic groups in the mesopores. Nitrogen
adsorption measurements of MPS materials obtained
from fractions of organosilane larger than 25% yielded
type I isotherms,23 which are more typical for mi-
croporous solids. As a result of increasing amounts of
organic groups in the channels, the pore volume was
found to decrease continuously to reach almost zero for
the MPS-70% and MPS-100% samples (Figure 3, part
b). This parameter defining the free space available for
reactants to reach the active sites inside the porous
material is expected to affect significantly the reaction
rates in such confined medium, as previously discussed
for organic-inorganic hybrids based on grafted silicas.15

The effect of functional group density on the specific
surface area followed the same trend, except for the
hexagonal MCM-41-type samples characterized by low
loadings of mercaptopropyl moieties (Figure 3, part b).
In the latter case, the presence of some organic chains,
separated enough from each other, contributes to slightly
increasing the internal surface area of the mesopore
channels. The pore volume was essentially due to the
contribution of the framework. The textural porosity,
which can arise from a spongelike nature of the par-

ticles,24 was negligible, as otherwise supported by the
TEM pictures (Figure 2). The high surface areas and
pore volumes measured from the isotherm data recorded
for MPS samples characterized by thiol loadings in the
5-30% range, and to a lesser extent for MPS-40% and
MPS-50%, agree well with the expected properties of
ordered mesoporous materials.4,11,22

Consistent with the results reported previously for the
synthesis of organically modified silicas in water/ethanol
mixtures containing ammonia as the catalyst,18 the
SEM images and particle size distribution measure-
ments of the adsorbents (e.g., Figure 4) revealed that
all samples possessed a spherical morphology with
narrow size distribution centered around 550-600 nm.
These uniform spheres, however, have a tendency to
aggregate when deposited on a solid support as required
to get the SEM images (Figure 4, part B). Ultrasonic
treatment after dispersion in aqueous suspension led
to the separation of most aggregates into isolated

(23) Greg, S. J.; Sing, K. S. W. Adsorption, Surface Area and
Porosity, 2nd ed.; Academic Press Inc.: San Diego, CA, 1982.

(24) Zhang, W.; Pauly, T. R.; Pinnavaia, T. J. Chem. Mater. 1997,
9, 2491.

Figure 3. (A) Nitrogen adsorption isotherms obtained for the
same nanoporous silica derivatives as in Figure 1. (B) Varia-
tion of (a) specific surface area and (b) total pore volume, as a
function of the relative molar ratio of MPTMS in the starting
sol.
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individual particles and smaller aggregates. Particle
size analysis revealed bimodal distribution centered
around 550-600 nm for isolated spheres and 5-15 µm
for closely associated particles, when expressed in
volume, whereas the data presentation with respect to
the number of particles confirms a narrow size distribu-
tion, centered at the mean diameters of about 550-600
nm (Figure 4, part A). Whereas the size of isolated
spheres was almost constant for all samples (only a
slight decrease was observed by passing from MPS-5%
to MPS-100%, see Table 1), the aggregates were sig-
nificantly larger for materials containing higher load-
ings of organic group (Table 1). This can be ascribed to
increased hydrophobicity of these hybrids compared to
those materials containing no or little organic moieties
in their framework.

In conclusion, a series of thiol-functionalized silicates
have been prepared, bearing a wide range of organic
group contents and displaying either a high degree of
structural organization (hexagonal MCM-41-type ma-
terials), or wormhole framework structures with long
or short range order, or no order at all (amorphous

solids). These organic-inorganic hybrids are also char-
acterized by different porosity and hydrophobicity. This
set of samples should therefore help to determine the
main parameters that are governing the reactivity of
organically modified silicates obtained by the co-
condensation route in the presence of a structure-
directing agent, including accessibility to the active sites
and mass transfer kinetics.

3.2. Accessibility to the Binding Sites - HgII

Adsorption Isotherms. It is now well established that
the ability for a target reactant to reach the organic
active sites within porous organic-inorganic hybrids is
dramatically improved when functionalization is per-
formed on the internal surfaces of ordered mesoporous
materials in comparison to the corresponding amor-
phous solids.11-15 The influence of fine structure and
density of functional groups on such parameter remains,
however, incompletely described.

Figure 5 provides data relative to the maximum
uptake of HgII by MPS materials as a function of the
fraction of organosilane used for their preparation (after
24 h reaction). It also compares the experimental values
to the theoretical capacity calculated on the basis of the
amount of thiol ligands in the functionalized materials.
As shown, the HgII loading capacity was nearly identical
to the amount of thiol groups in the adsorbents up to
30% organosilane content, demonstrating the unhin-
dered access of the metal species to all the binding sites
located within the mesoporous materials. This is ex-
plained by the ordered structure of these MPS-5% to
MPS-30% samples, which are characterized by better
accessibility than in related porous materials with
disordered networks.11a-d,e-j,l,m,s,t The advantage of well-
defined mesopore channels seems to be independent of
whether the mesostructure was hexagonal (MPS-5%,
MPS-10%) or made of typical wormhole motif mesos-
tructured phases (MPS-15% to MPS-30%).

By increasing further the funtionalization stoichiom-
etry, the maximum HgII loading capacity leveled off at
a value of about 3.8 mmol g-1 (Figure 5). This value

Figure 4. (A) Particle size distributions (expressed in (a)
volume or (b) number) of MPS-5% sample after ultrawave
treatment during 2 min. Inset: enlargement of the number
distribution. (B) SEM micrograph of an aggregate of the MPS-
5% sample.

Figure 5. Variation of the amount of mercaptopropyl groups
in MPS materials, as a function of the relative molar ratio of
MPTMS in the starting sol, expressed as (a) total amount per
mass of MPS, and (b) amount of SH groups accessible to HgII.
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corresponds to nearly 750 mg of mercury per g of
adsorbent (i.e., 43% of the total weight of HgII-loaded
MPS is due to the metal species), constituting among
the highest sorption capacities ever reported.11l For sake
of comparison, the best performances reported to date
have been achieved with thiol-functionalized monolayers
on mesoporous silica (2.5 mmol g-1),11a or with two kinds
of thiol-functionalized silica-based materials obtained
by the co-condensation route (2.3 mmol g-1 for MSU-
211l and 2.1 mmol g-1 for MCM-4125). One should also
mention a recent work reporting the value of 1284 mg/g
(6.4 mmol g-1) by using a thiol-functionalized organo-
ceramic amorphous adsorbent prepared from the co-
condensation of MPTMS and TEOS in 1:2 ratio,25 which
appears, however, unrealistic on the basis of the maxi-
mum thiol content of a material obtained from such a
precursor ratio. In contrast to the well-ordered mesos-
tructures, less-than-complete complexation was thus
observed for less ordered adsorbents (MPS-40% to MPS-
100%). This can be explained by the increasingly ir-
regular pore channels arising from the presence of
increasing amounts of organic groups in the material,
which is likely to induce pore blocking as in grafted
amorphous silica gels,11b,15a but also by the possible
existence (in the highly functionalized MPS samples)
of a fraction of mercaptopropyl groups located inside the
silica walls (and not on the pore surface) which remain,
therefore, inaccessible to bind HgII species. Another
suspected limitation is the formation of noncomplexant
dipropyl-disulfide moieties that may arise from the
oxidative coupling of two adjacent thiol groups26 (even
if they were not evidenced by Raman spectroscopy, they
are expected to occur more probably as the higher is
the density of mercaptopropyl groups in the material).
It is also noteworthy that a great dispersion of adsorp-
tion data was observed for MPS-70% and MPS-100%
samples because of the difficulty of homogeneously
suspending the highly hydrophobic particles in an
aqueous medium.

Figure 6 depicts the adsorption isotherms showing the
molar quantity of HgII species immobilized by 20 mg of
several MPS adsorbents as a function of the initial
amount (total HgII) in solution. It covers a wide range
of HgII concentrations, working either in excess HgII

with respect to the MPS capacity or using lower HgII

amounts. The dashed line represents the unity slope
denoting the quantitative adsorption. As shown, very
efficient binding of HgII by all the MPS materials was
observed, reducing the residual metal concentration in
solution to very low values (<0.1 µM) when the amount
of solution-phase HgII was below the saturation level
of MPS. As expected from results of Figure 5, the
efficiency of the uptake process continuously increased
in proportion to the SH content in MPS. As previously
observed for other functionalized mesoporous ion
adsorbents,11b progressive reduction of pore volume of
MPS materials was observed upon filling with HgII

species. It is noteworthy that MPS materials suffered
somewhat from lack of quantativity when approaching
their total loading capacity (some splitting between the
experimental adsorption curves and the theoretical

quantitative slope can be noticed at filling extents
higher than 70-80%, see Figure 6, and this is especially
marked for high-capacity adsorbents). When expressed
with respect to the equilibrium HgII concentration in
solution after 24 h reaction, all the isotherms exhibited
systematically an evolution close to that typical of
Langmuir behavior, in agreement with most of the
previous studies on HgII adsorption using MPS
mesostructures.11b,c,j,l This indicates a rather high bind-
ing energy of the HgII species to the active sites. Some
differences between the adsorption profiles and Lang-
muirian behavior were observed, however, when reach-
ing loading values close to the maximum capacity of
MPS materials, suggesting some decrease in the binding
energy due to difficulties of HgII to reach the binding
sites located deep in a particle that was already loaded
with a huge amount of metal species. This was even
more evident for materials characterized by a high
degree of functionalization because they induce ess easy
access of the solution-phase HgII species to the active
centers. Such effect of restricted reaction was reported
to be especially overwhelming in highly ordered meso-
structures displaying large particle sizes.11c,t In contrast
to the results obtained with these MPS materials
containing the thiol groups uniformly distributed in the
mesostructures, no limitation was observed with using
hybrid materials prepared by grafting mercaptopropyl
groups on or within as-synthesized mesoporous silicas.
This can be explained by the fact that this latter method
of functionalization leads essentially to a large propor-
tion of binding sites located at the outermost surface of
particles (i.e., at the entry of mesopores, not deep in the
material),17b,26 which does not contribute to lowering the
energy of the binding reaction associated with the active
sites located deeper in the materials.

3.3. Factors Affecting the Speed of HgII Uptake
by MPS Materials. The rate of HgII uptake by MPS
materials was investigated following the same proce-
dure as that applied to characterize the kinetics associ-
ated with the binding of HgII species to either amor-

(25) Lee, J. S.; Gomez-Salazar, S.; Tavlarides, L. L. React. Funct.
Polym. 2001, 49, 159.

(26) Lim, M. H.; Blanford, C. F.; Stein, A. Chem. Mater. 1998, 10,
467.

Figure 6. Adsorption isotherms for HgII on various MPS
samples: (a) MPS-5%, (b) MPS-10%, (c) MPS-15%, (d) MPS-
20%, (e) MPS-25%, and (f) MPS-40%, expressed in terms of
the amount of adsorbed species as a function of the total
amount of HgII in the starting solution. Experimental condi-
tions: 20 mg MPS in 0.1 M HNO3 solution (20 mL).
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phous silica gels or ordered mesoporous MCM-41 samples
grafted with mercaptopropyl groups, i.e., by in situ
monitoring of HgII consumption from aqueous suspen-
sions of MPS as a function of time by fast electrochemi-
cal measurements.15 Typical results for some MPS
samples are shown in Figure 7 (part A), including
comparative data obtained with grafted materials (part
C). They are presented in the form of a C/C0 vs t plot
where C is the remaining solution-phase HgII concen-
tration at time t and C0 is its initial concentration before
adding the MPS particles in the medium. All these data
have been obtained by adjusting the solid/solution ratio
in such a way that the initial amount of HgII in solution
corresponds exactly to the maximal amount of HgII that
can be adsorbed by each MPS sample (it means that all
these curves tended to C ) 0 at t ) 24 h, except for the
unmodified MCM-41 which never adsorbed more than
5% of solution-phase HgII under the experimental condi-
tions used in this study). Similar experiments have been

repeated for each MPS sample by adjusting the HgII

concentration in solution to 50% of the loading capacity
of the adsorbents, to get more accurate data in the early
times of the uptake process.

Figure 7A shows that the speed at which HgII species
are adsorbed by MPS materials is very dependent on
the adsorbent type (structure and density of functional
groups). It seems at first glance that fastest mass
transfer rates were observed with the MPS-25% sample,
while lower uptake efficiencies were achieved for MPS
solids of either lower or higher loading capacity. Slower
diffusion kinetics associated with the materials display-
ing high density of thiol groups and poor structure are
consistent with our previous studies on grafted silicas
for which ordered mesoporous solids gave rise to access
rates to the binding sites faster than in the amorphous
ones (see, e.g., Figure 7C) as well as enhanced diffusion
rates by decreasing the amount of grafted ligands or
increasing pore size.15 Such resistance to mass transport

Figure 7. (A) Uptake of HgII, as a function of time, by (a) MCM-41 (0%), (b) MPS-5%, (c) MPS-10%, (d) MPS-25%, (e) MPS-40%,
and (f) MPS-70%, from solutions containing HgII at an initial concentration selected to correspond to the maximal amount of
accessible -SH groups in each material (as measured after 24 h reaction, see Figure 5). (B) Corresponding variation of the apparent
diffusion coefficients as a function of the extent of reaction; Q0 ) 1 is defined with respect to the experimentally observed maximal
capacity for each material for HgII species (as in Figure 5), while Q corresponds to the fraction of complexed ligand. (C) Same as
A for samples (a) Geduran-SH, (b) MCM-41-SH, and (c) SBA-15-SH. (D) Same as B for (a) Geduran-SH, (b) MCM-41-SH, and (c)
SBA-15-SH.
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is clearly due to stronger steric constraints and to higher
hydrophobicity due to the high organic group contents.
However, the fact that the reaction rates are apparently
slower when using MPS displaying a lower density of
thiol groups, a greater porosity, and a more ordered
structure, is somewhat intriguing (even if one could
argue that low surface coverages induced a rather high
population of residual silanol groups, which are expected
to interact with HgII species27 and thus to slow their
movement through the MPS matrix). Anyway, the HgII

uptake curves presented in Figure 7A are indicative of
quite rapid processes, in contrast to the sluggish ad-
sorption reported elsewhere for thiol-functionalized
mesoporous silica spheres of relatively big size (10-12
µm).11t To provide a careful interpretation and discus-
sion on mass transport processes in these mesoporous
organic-inorganic hybrids, it is of course necessary to
take into account their particle size.

This has been made, as previously described for
grafted silicas,15 through the calculation of the apparent
diffusion coefficients, Dapp, by fitting the kinetic curves
in a first approximation according to a spherical diffu-
sion model (eq 1).20 This approach is valid for studying
diffusion processes in the mesoporous spheres of mono-
disperse size considered here, at least if one considers
the pore structures as fully interconnected in the
different particles. As these latter have tendency to
aggregate, however, calculations have been performed
after measuring the particle size distribution in the
same conditions as those applied in the kinetic experi-
ments, to get reliable data, and by considering roughly
the aggregates as spherical. Dapp values are therefore
related to both intra- and interparticle diffusion (there
is unavoidably some void space inside the aggregates),
but the rate-determining step is expected to be the speed
of mass transport in the mesopores (intraparticle dif-
fusion) because the interparticle porosity (due to the
spatial arrangement of ∼µm sized particles) is greater
by 2-3 orders of magnitude than that experienced by
HgII species within the individual mesostructured
spheres. Dapp values have been plotted as a function of
the extent of the uptake process (Dapp values vs Q/Q0).

The most emerging trends can be summarized from
the results presented in Figure 7B, depicting the varia-
tion of Dapp values for several MPS materials as a
function of their occupancy level. The first feature,
common to all samples, is a continuous decrease in
diffusivity upon filling with the heavy metal; this can
be explained by increasing steric constraints in the MPS
material as far as metal adsorption proceeds, in agree-
ment with the concomitant decrease in its total pore
volume. Such hindered ingress was also observed in
grafted silica-based materials (e.g., Figure 7, part D).15

In this case, however, the shape of the Dapp vs Q/Q0
plots was found to be strongly dependent on the materi-
als type.

A continuous decrease of Dapp was observed as far as
the uptake process was going on with well-organized
MCM-41-type MPS materials containing rather low
levels of thiol groups (MPS-5% and MPS-10%, see curves
b & c on Figure 7B). These adsorbents were really
mesoporous (pore size g 2 nm, see Table 1) and the

progressive filling of their uniform mesopores did not
lead to any pore blocking phenomenon; the continuous
decrease of Dapp being explained by the progressive
decrease of free space available in the mesostructure
for diffusion of the analytes by increasing the mercury
occupancy level. Such variation is quite similar to that
observed for small-pore MCM-41 (≈3 nm) grafted with
the same mercaptopropyl ligands (curve b on Figure
7D), with, however, a larger slope most likely due to
the presence of thiol groups uniformly distributed over
the whole pore volume of the material (inducing higher
mass transfer resistance to more ligands located in the
bulk MPS material in comparison to easier access to a
large number of ligands located at the entry of meso-
pores in grafted materials). No synergistic acceleration
of the uptake rate was pointed out with increasing the
metal ion loading of the small MPS microspheres,
contrary to what was reported for diffusion kinetics in
larger mesoporous organosilica spheres.11t Dapp values
calculated here for HgII diffusion in small MPS-5% and
MPS-10% spheres are larger by 1 order of magnitude
than those reported for the larger thiol-functionalized
mesoporous spheres (MSU-type, 2-6% MPTMS)11t pre-
pared under mildly acidic nonionic surfactant solutions
in the presence of fluoride catalyst.

When increasing the density of functional groups in
the hybrid materials, significant changes in the Dapp vs
Q/Q0 profiles were observed, as illustrated in Figure
7B for MPS-25%, MPS-40%, and MPS-70%. Dapp values
calculated at the early times of the uptake process were
quite independent of Q/Q0, whereas those measured at
higher occupancy levels dropped dramatically. They
dropped more abruptly and rapidly (i.e., at lower Q/Q0)
as the MPS materials contained a high content of
organic groups. Moreover, Dapp was always lower in
materials of higher degree of functionalization. All these
observations are consistent with hampered transport of
solute in confined media: (1) increasing the density of
functional groups induced lowering of total pore volume
and pore size (Table 1) and higher hydrophobicity of the
material (confirmed by slow adsorption of water on
MPS11r), limiting therefore the rate of access to the
binding sites; (2) complexation of thiol groups by HgII

species resulted in a decrease of the remaining free
space in the mesopores, which may even lead to pore
blockage at a certain occupancy level, explaining the
sharp slackening of the uptake rates; (3) this dropping
of Dapp values occurred at filling levels all the more low
as the pore volume of the MPS material was smaller.
Pore volumes measured at Q/Q0 levels above the
breakthrough of Dapp values were always lower than
0.05 cm3 g-1. So strong diffusional limitations were also
reported for organically modified MCM-41 samples in
which hierarchical polymerization of the organosilane
had been allowed. One should finally mention that the
advantage of a uniformly ordered mesoporous structure
in vastly improving reaction rates in comparison to the
corresponding amorphous solids15 is valid only for open
mesostructures containing a density of ligand at a
maximum threshold level above which the kinetics
associated with the transport of solutes to the binding
sites becomes dramatically restricted as a consequence
of mesopore occlusion.

(27) Walcarius, A.; Devoy, J.; Bessière, J. Environ. Sci. Technol.
1999, 33, 3, 4278.
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All the above results and discussions are based on
Dapp values calculated from a diffusion model taking into
account the particle size distribution of both MPS
particles and aggregates in suspension (i.e., the real case
covering the whole Q/Q0 range). However, as a signifi-
cant part of the adsorbents (15-30% depending on the
functionalization degree) does exist in the form of
individual spheres of monodisperse size in suspension,
these small particles in comparison to the bigger ag-
gregates are expected to control the uptake process at
the early stage of the experiments (the particles located
on the outermost surface of the aggregates also belong
to this part of easily accessible sites). In other words,
reaching the binding sites located in a mesoporous
spherical particle situated in the bulk of an aggregate
would be achieved well after the complete filling of an
individual small sphere suspended freely in the solution.
One can therefore use the data gathered at the begin-
ning of the uptake experiments to characterize the mass
transfer rates in individual MPS microspheres. The
relative speed of HgII binding to MPS microspheres as
a function of their functionalization degree is depicted
in Figure 8 (slope of the Q/Q0 vs xt plot, which is linear
at the early stage of diffusion in a sphere20). This picture
features clearly three domains of variable rates of access
to the binding sites in organically modified silicates
obtained by the co-condensation route: (1) despite the
fact that ordered mesoporous silicas grafted with or-
ganic groups displayed definitely higher rates of access
to the binding sites than in corresponding amorphous
solids,15 some restrictions have been observed with
highly ordered mesoporous hybrids obtained by one-pot
synthesis, at least when they displayed long-range
structuration inducing the presence of binding sites
located deep in long mesopore channels (MPS-5%, MPS-
10%); (2) in contrast, mass transport rates in function-
alized mesoporous solids displaying wormhole frame-
work structures with shorter-range order were found
to be dramatically faster (MPS-15% to MPS-30%),
arguing further to support the relationships existing
between reactivity and long-range structural order/

disorder, which was first discussed by Pinnavaia et al.14d

for mesoporous molecular sieve catalysts (although the
exact evaluation of the mesopore length may be difficult,
improved communication through the wormhole-like
mesostructures made of interconnected three-dimen-
sional pore networks is expected to occur, in comparison
to that in hexagonally packed one-dimensional channels
of MCM-41, as otherwise sustained by more effective
diffusion processes in ordered mesoporous materials
with interconnected mesotunnels28); (3) finally, the MPS
materials containing very high organosilane contents
(>30%) are characterized by rather weak cristallinity,
low porosity, and high hydrophobicity, inducing signifi-
cant resistance to mass transfer through their porous
network with a concomitant dramatic decrease in dif-
fusion rates.

4. Conclusions

Mass transport issues in porous organically modified
silica spheres obtained by the co-condensation route are
strongly influenced by the framework structure of the
materials and the density of functional groups. This has
been demonstrated here for the uptake of HgII species
from aqueous solutions by a wide range of mercapto-
propyl-functionalized silica adsorbents prepared by the
sol-gel method in the presence of a surfactant templat-
ing agent, by varying the MPTMS/TEOS ratio in the
synthesis medium.

Basically, one can distinguish three categories of
adsorbents. (1) Those characterized by a well-ordered
MCM-41 structure over a rather long range, which can
be obtained only with low MPTMS contents (up to 10%),
which resulted in a complete accessibility to all their
binding sites; but they underwent some restrictions to
mass transport, especially for reaching the active cen-
ters located deep in the one-dimensional mesopore
channels; (2) Those displaying less-ordered structures,
but still made of cylindrical mesopores organized in a
wormhole-like three-dimensional arrangement, which
were characterized by significantly faster diffusion rates
despite their lower pore volumes. The quantitative
access to all the binding sites was observed up to MPS-
30%, while higher functionalization degrees gave rise
to less-than-complete filling because of steric hindrance
and/or high hydrophobicity. Nevertheless, these adsor-
bents with high density of functional groups led to very
high sorption capacities for HgII species (up to 750 mg
g-1). (3) Those materials containing the highest thiol
group contents were poorly ordered or even totally
amorphous and they were subject to dramatic restriction
of mass transport rates as well as limited accessibility
to the binding sites.

In agreement with the decrease in pore volume
concomitant to the uptake process and the rather long
times to get full filling of the organosilicas, the apparent
diffusion coefficients for HgII in all the MPS samples
were found to decrease as far as the reaction was going
on, and faster as the degree of functionalization was
higher.

(28) (a) Fan, J.; Yu, C.; Wang, L.; Tu, B.; Zhao, D.; Sakamoto, Y.;
Terasaki, O. J. Am. Chem. Soc. 2001, 123, 12113. (b) Lin, H.-P.; Wong,
S.-T.; Liu, S.-B.; Mou, C.-Y.; Tang, C.-Y. Stud. Surf. Sci. Catal. 2000,
129, 15.

Figure 8. Variation of the apparent diffusion rates of HgII in
isolated MPS spheres as a function of the relative molar ratio
of MPTMS in the starting sol; data were estimated from kinetic
curves at the early times of the experiments when the uptake
process is dominated by the smaller particles (slope of the Q/Q0

versus xt plot, calculated at Q/Q0 f 0).
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Long-range versus short-range structural order/
disorder in organically modified mesoporous silica
spheres, which can be induced by varying their degree
of functionalization, is thus a key parameter affecting
the speed of access of reactants to the active centers.
Focusing on the MPS-HgII system, this work provides
an illustration of how to obtain hybrid materials dis-
playing either the highest sorption capacity or the
fastest access to the binding sites. It is anticipated that
such an approach may contribute at increasing the
performance of mesoporous organic-inorganic hybrids

in various fields including separation sciences, sensors,
or heterogeneous catalysis.
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