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A new approach to heavy metal ion adsorbents based on
the covalent grafting of 3-mercaptopropylsilyl groups to
the framework pore walls of mesoporous silica molecular
sieves has been investigated with regard to hydroxyl
group densities, channel dimensions, and morphologies.
Two types of silicas were examined, namely, MCM-41 with
an initially anionic silicate framework and HMS with an
electrically neutral framework. The MCM-41 derivative was
obtained through electrostatic S*X~I* assembly, where
S* was a quaternary ammonium ion surfactant, X~ was a
halide, and I was the silica precursor derived from
tetraethyl orthosilicate (TEOS) in acidic solution. HMS
silicas were assembled by a S°I° pathway using alkylamines
as surfactants (S°) and TEOS as the neutral silica source
(1°). Prior to thiol functionalization of the mesostructures
by a one-step grafting procedure, ST was removed from MCM-
41 by calcination, whereas for HMS, S° was removed by
solvent extraction. The grafting process was much more
effective for the functionalization of HMS than for MCM-
41 owing to a higher surface concentration of surface hydroxyl
groups. Consequently, the functionalized HMS derivative
was able to bind quantitatively more Hg(ll) ions from aqueous
solution compared to MCM-41. The Hg(Il) adsorption
capacities for HMS were interpreted in terms of the size
and accessibility of the framework pore structure.

Introduction

Heavy metals, particularly mercury and lead, are important
environmental pollutants, threatening the health of human
populations and natural ecosystems alike. Removal of these
species from the environment is thus a major focus of waste
treatment and cleanup efforts. Several adsorptive com-
pounds can capture metal ions from solution, including
activated charcoal (1), zeolites (2, 3), and clays (4, 5). An
inherent disadvantage of these materials is their low loading
capacities and relatively small metal ion binding constants.
To circumvent these limitations, promising heavy metal
sorbents have been prepared by the coupling of chelating
ligands (e.g., thiol, amine, or crown ether functions) to
support matrixes consisting of inorganic oxides (e.g., silica,
alumina, or clay) (6—22) or organic polymers [e.g., polysty-
rene, cellulose, or poly(methyl methacrylate)] (23—28). Such
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functionalized materials have relatively high metal ion loading
capacities and strong binding affinities for selected metal
ions. This exceptional performance can be attributed to the
presence of the surface-bound ligands, which can be
specifically tuned to accommodate the selective adsorption
of targeted metal ions. These functionalized oxides and
polymers have been used in the preconcentration of metal
ions for the assaying of multicomponent solutions (28) and
for the removal of toxic species from wastewater streams, in
particular, radionuclides (22). Although superior in perfor-
mance to conventional ion exchangers, functionalized
matrixes remain relatively inefficient because only a fraction
of the immobilized ligands are accessible for metal com-
plexation.

The recent discovery of mesoporous metal oxide molec-
ular sieves by Mobil researchers has given rise to new
prospects for adsorbent and catalyst design (29). Recently,
we reported the preparation of highly effective heavy metal
ion adsorbents by grafting thiol moieties to the pore channel
walls of mesoporous silica molecular sieves (30). Our
functionalized absorbent, denoted MP-HMS, exhibited Hg-
(1) binding sufficiently efficient to achieve federal drinking
water standards, along with an unprecedented loading
capacity of 310 mg/g (1.5 mmol/g). The most interesting
property, perhaps, was the ability of the absorbent to bind
mercury ions quantitatively to each ligand site in the material,
aresultattributable to the uniform and large framework pore
structure (2.7 nm) of the absorbent.

Concurrent with our report on thiol-funtionalized HMS
silica, Feng and co-workers (31) reported an analogous heavy
metal ion adsorbent based on the mercaptopropylsilyl
functionalization of a calcined form of mesoporous MCM-
41 silica. Although their grafting approach was analogous
to that reported previously for the functionaliztion of MCM-
41 (32, 33), a much higher concentration of immobilized
ligand was achieved through the use of a larger pore
framework (5.5 nm) and a functionalization process that
involved repeated surface hydrolysis and silylation cycles.
The mercury loading (505 mg/g) was even higher than that
observed for functionalized HMS.

Hexagonal MCM-41 silica is normally prepared by hy-
drothermal S*I~ assembly, where S* is an onium ion
surfactant and I~ an anionic inorganic precursor (silicate)
(29). The removal of the surfactant template from this
compound by calcination results in a silica derivative with
ordered pore channels of well-defined diameters (2—10 nm)
and very high surface areas (500—1200 m?/g). Analternative
method of obtaining MCM-41 involves a counterion-medi-
ated S*XI" assembly pathway in acidic aqueous solutions
at room temperature (34). This latter process also affords a
hexagonal silica framework upon calcination, but with some
disorder in the packing of the channels (34). However, for
both of these electrostatically assembled materials, the
calcination process typically used to remove the surfactant
from the framework depletes the surfaces of hydroxyl groups
for organosilane functionalization, which is undesirable from
the standpoint forming heavy metal traps. Although the
electrostatically bound surfactantin MCM-41 can be removed
by ion exchange (37), the exchange process requires strong
acid conditions, so there is little or no advantage of ion
exchange over surface rehydroxylation after calcination.

Electrically neutral framework analogues of mesoporous
silicamolecular sieves may be synthesized using alkylamines
(36) and nonionic surfactants (37) as structure directors.
These materials are denoted as HMS and MSU-X, repectively.
Unlike MCM-41, HMS and MSU-X materials typically consist
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of disordered assemblies of wormlike channels. Moreover,
because of the absence of a framework charge, the surfactant
molecules can be removed from the channels by solvent
extractionandrecycled. Thisfacile removal of the surfactant
optimizes the number of surface hydroxyl groups that are
available on the pore walls for a organosilane functional-
ization.

In this paper, we examine the Hg-binding properties of
thiol-functionalized mesoporous molecular sieves with dif-
ferent pore dimensions and channel morphologies. We also
compare the effectiveness of a one-step silylation process for
the functionalization of mesoporous frameworks prepared
by electrostatic and electrically neutral assembly pathways.
The adsorbents include an MCM-41 prepared by STX~I*
assembly, and two HMS silica compositions of differing pore
diameter prepared by S°I° assembly. The grafting moiety
was mercaptopropyltrimethoxysilane, (CH30)3SiCH,CH,CH,-
SH, which has a strong binding affinity for mercury. The
efficiency toward Hg(ll) binding is shown for the first time
to depend critically on the pore size of the functionalized
mesoporous molecular sieve. Also, HMS is shown to be more
effectively functionalized with siloxane thiol groups in a one-
step silylation process compared to calcined MCM-41, owing
primarily to the higher surface density of framework hydroxyl
groups. The results reported here should be useful in
evaluating these materials for environmental cleanup and
heavy metal ion recovery.

Materials and Methods

Mesostructure Syntheses. HMS silicamolecular sieves were
synthesized by a S°I° assembly process using neutral amines
surfactants as framework structure directors and subse-
quently removing the neutral surfactant by solvent extraction
(35). HMS-C12 silica was obtained by first dissolving 1.35
g of dodecylamine in 10 mL of ethanol, adding water to obtain
a fine emulsion, then adding tetraethyl orthosilicate (TEOS)
undervigorousstirring. 1,3,5,-Trimethylbenzene (TMB) was
added and the reaction mixture was stirred vigorously for 20
h at room temperature. The molar ratio of reagents was 1.0
TEOS:0.23 amine:0.23 TMB:160 water. The precipitated
product was filtered, washed with water, and allowed to dry
atroom temperature for 24 h. The powder was then washed
free of the surfactant by Soxhlet extraction over ethanol for
72 h. An analogous smaller pore mesostructure, denoted
HMS-C8, was prepared from octylamine following the same
experimental protocol, with the exception that TMB was
omitted from the synthesis mixture and no ethanol was added
to the reaction medium.

MCM-41 was prepared by S*X"IT assembly at room
temperature in acidic media using a quaternary ammonium
ion surfactant and TMB as a cosurfactant and subsequently
removing the surfactant by calcination. The reagent molar
ratiowas 1 TEOS:1 HCI:0.2 octylamine:1 TMB:150 water. The
product was filtered, air-dried and calcined at 650 °C for 4
h in order to remove the surfactant from the framework
channels.

Mesostructure Functionalization. A1 gquantity of each
surfactant-free mesostructure was dried under vacuum at
110 °C and refluxed in 25 mL of dry toluene containing 1.0
g of 3-mercaptopropyltrimethoxysilane for 24 h. The dried
materials were then recovered by filtration and washed with
toluene followed by ethanol. Any residual organosilane was
removed by Soxhlet extraction over ethanol for 24 h. The
mercaptopropylsilyl-functionalized mesostructures are hence-
forth denoted as MP-MCM-41, MP-HMS-C12, and MP-HMS-
C8.

Materials Characterization. The parent mesostructures
(HMS-C12, HMS-C8, and MCM-41) were structurally char-
acterized by powder X-ray diffraction, N, surface area analysis,
and °Si MAS NMR spectroscopy. The mercaptopropylsilyl-
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functionalized analogues were characterized using the same
techniques, as well as by elemental analysis.

Powder X-ray diffraction (XRD) patterns for HMS and MP-
HMS were recorded on a Rigaku rotaflex diffractometer using
Ni-filtered Cu Ka radiation. Proton-decoupled ?*Si MAS NMR
spectrawere recorded on a Varian VRX 400 MHz spectrometer
at 79.5 MHz using 7 mm zirconia rotors, a sample spinning
frequency of 4 kHz, and a pulse delay of 870 s. Nitrogen
adsorption isotherms were measured at 77 K on a Coulter
Omnisorp 360CX Sorptometer using standard continuous
adsorption procedures. The samples were heated overnight
at 110 °C and 107 Torr prior to measurement. C, H, N, and
Sanalyses were performed in duplicate by the Microanalysis
Laboratory at the University of lllinois at Urbana-Champaign.
Particle size analyses for MCM-41 and HMS-C12 were
performed on a Micromeritics SediGraph 5100 particle size
analyzer.

Mercury Adsorption Studies. Ten milligram quantities
of mesostructured adsorbent were stirred for 18 h with 50
mL of mercury(ll) nitrate solutions of known concentration.
Adsorption points were obtained by allowing a suspension
of 10 mg of MP-HMS in 50 mL of Hg(Il) solution (0—35 ppm)
to equilibrate at room temperature for 18 h and measuring
the Hg(ll) uptake by difference. The Hg(ll) concentrations
of the supernatant liquids were measured before and after
treatment by colorimetric assays using diphenylthiocarba-
zone as an indicator (38). Blank experiments on nonfunc-
tionalized MCM-41 and HMS silicas were carried out using
50 mg samples and 50 mL of 4.0 ppm Hg(ll) solutions. Hg
analyses were also performed on the mercury-loaded ad-
sorbents to confirm Hg uptake by the materials.

Results and Discussion

Adsorbent Characterization. Figure 1 compares the XRD
patterns of MCM-41 and HMS prior to and following
functionalization with mercaptopropyltrimethoxysilane. The
XRD pattern of MCM-41, which contains a dominant digo
reflection and a broad dijo reflection at higher diffraction
angle, is consistent with disordered hexagonal channel
packing (34). The XRD lines of HMS-C12 and HMS-C8 are
substantially broader than those of MCM-41. The broad XRD
lines, together with TEM images of HMS silicas, have been
previously interpreted (39) in terms of wormhole channel
motifs.

Organosilane grafting to the mesostructures causes a
significantdecrease in XRD intensities. The decrease in peak
intensities is indicative of contrast matching between the
silicaframework and the grafted mercaptopropylsilyl groups.
Contrast matching in MCM-41 and related mesostructures
has been observed previously upon filling the framework
pores with organic guests (40, 41). The smaller contrast-
matching effect in the case of MP-MCM-41 probably results
from the comparatively lower amount of mercaptopropylsilyl
groups occupying the framework pore structure (see below).

The N adsorption isotherms of the unfunctionalized
mesostructures shown in Figure 2 contain linear to step-
shaped uptakes at partial pressures between 0.1 and 0.6.
These features are indicative of the presence of framework
mesopores. The BET surface areas (854—1264 m?/g) were
within the range expected for mesostructured materials. The
Horvath—Kawazoe pore size distributions (Figure 2, insets)
further verified the presence of mesoporous channels in the
range 1.9—3.6 nm. Upon grafting mercaptopropylsiloxane
groups to the framework walls, we observe a significant
decrease in the surface area, pore volume, and pore diameter
for each sample as a result of the ligating thiol moieties
presentin the framework channels. Nonetheless, significant
surface areas and porosities were retained in all the meso-
structures after mercaptopropylsilyl functionalization of the
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FIGURE 1. Powder X-ray diffraction patterns for mesoporous
molecular sieves. (Dashed lines) (a) HMS-C12, (b) HMS-C8, and (c)
MCM-41 and their mercaptopropylsilyl-functionalized derivatives
(solid lines) (a) MP-HMS-C12, (b) MP-HMS-C8, and (c) MP-MCM-
41.

pore walls. The surface properties of the MP-functionalized
adsorbents and their parent mesostructures are summarized
in Table 1.

The C, H, N, and S analyses of the adsorbents were used
to determine the quantity of mercaptopropylsilyl moieties
grafted to the framework channels (MP-HMS-C12, 9.19 wt
% C, 2.15 wt % H, and 4.82 wt % S; MP-HMS-CS8, 7.71 wt %
C, 1.96 wt % H, and 2.90 wt % S; MP-MCM-41, 3.96 wt % C,
1.25wt % H, and 1.79 wt % S). The absence of detectable
levels of nitrogen in the materials demonstrated the ef-
fectiveness of the ethanol extraction process in removing
the amine surfactants from the HMS silicas. The amounts
of SH groups present in the adsorbents are shown in Table
1. On the basis of these loadings and the BET surface areas
of the unfunctionalized mesostructures, we calculated the
SH group densities on the pore walls of the adsorbents (see
Table 1).

The low mercaptopropylsilyl group density in MP-MCM-
41 (0.28 SH/nm?) can be attributed to the relative scarcity of
surface hydroxyl groups on the pore walls. Significant
dehydroxylation is expected upon the removal of the sur-
factantat high calcination temperature (650 °C), thus limiting
the amount of organosilane that may be grafted in the
channels. For MP-HMS-C12 and MP-HMS-C8, however, the
much higher mercaptopropylsilyl group density observed
(0.49 and 1.2 SH/nm?) can be attributed to the more abundant
hydroxyl groups present in the parent mesostructures. In
this latter case, low-temperature solvent extraction tech-

1000F o5\~ c

goof

20
Pore diameter (nm)

600F
400F

i . MCM-41
200 /—_ —— MP-MCM-41

b

o

o (@]
(=] (=]
A REEEERE

R

N W e O
o Qo
==

T MP-HMS-C8

iy
(=]
(=)

Volume adsorbed (cm®/g)

100
I a

800F

600F

400F

--------- HMS-C12

200F .. —— MP-HMS-C12

0 0.2

.OI.4I OIG . ‘Ol.8 ‘ 1
P/P,

FIGURE 2. Nitrogen adsorption isotherms for mesoporous molecular
sieves. (Dashed lines) (a) HMS-C12, (b) HMS-C8, and (c) MCM-41
and their mercaptopropylsilyl-functionalized derivatives (solid lines)
(@) MP-HMS-C12, (b) MP-HMS-C8, and (c) MP-MCM-41. PIP, is the
relative pressure, where P is the equilibrium pressure of the
adsorbate and A its saturation pressure at the adsorbent temper-
ature; the volume adsorbed is at STP. (Inset) Pore size distributions
based on the Horvath—Kawazoe model [dW/dR is the derivative of
the normalized adsorbate (nitrogen) volume adsorbed with respect
to the pore diameter of the adsorbent].

niques were effective in removing the surfactants from the
framework pores, resulting in hydroxylated surfaces that are
much more reactive than MCM-41 toward organosilane
grafting. The relatively low level of grafted mercaptopro-
pylsilyl groups in MP-HMS-C8 compared to MP-HMS-C12
can be explained by steric factors in the smaller pores of
HMS-C8which prevent the grafting of a significant percentage
of the framework hydroxyls.

295i MAS NMR spectra of the unfunctionalized meso-
structures (see Figure 3) were obtained in order to estimate
the Q3 to Q*ratios and the fraction of framework silicon sites
that have been silylated. In both HMS-C8 and HMS-C12,
two signals were observed near —103 and —114 ppm,
corresponding to the Q2 silanol sites [(SiO);SiOH] and Q*
framework silica sites [(SiO),Si], respectively (32). Grafting
of the mercaptopropylsilyl moieties to these mesostructures
causes the relative Q3/Q* signal intensities to decrease
significantly. Inaddition, a new signal appears at about —55
ppm, which we assigned to the silicon of the grafted
mercaptopropylsilyl group. These results indicate that the
Si—OH sites lining the pore walls of the materials undergo
condensation reaction with the organosilane coupling agent,
forming a covalent linkage to the silica framework. Because
the Q8 signal in the MCM-41 spectrum was not well resolved
(appearing as avery broad shoulder on the —114 ppm signal),
an accurate assessment of the silanol grafting was not possible
in this material.

On the basis of both 2°Si NMR data and elemental analyses
results (C, H, and S), we obtained empirical formulas for the
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TABLE 1. Summary of the Physical Characteristics for Mesoporous Molecular Sieves and Their Mercaptopropyl-Functionalized

Analogs
BET surface area  pore diameter ~ SH content

material (m?/g) (nm)@ (mmol/g)®
HMS-C12 854 3.6 0
MP-HMS-C12 722 2.7 15
HMS-C8 1200 1.9 0
MP-HMS-C8 640 15 0.90
MCM-41 1264 25 0
MP-MCM-41 1061 2.0 0.57

SH groups  pore volume chemical
per nm? (cmd/g)© formula

0 0.85 (Si02)0.56(Si02.5H)0.44

1.2 0.55 (Si02)0.83(Si02.5H)0.17
[SiO1.15(OCH3)0.7(CH2)3SH]o.12

0 0.37 (Si02)0.53(Si02.5H)0.47

0.49 0.27 (Si02)0.73(Si02.5H)0.27
[SiO1.5(CH2)3SH]o.066

0 0.77 (Si02)1_x(SiO25H)x, X < 0.3

0.28 0.44 (Si02)[SiOg5(OCH3)2(CH2)3SH]o.037

2 See Figure 2 for pore size distributions. » Millimoles of S per gram of MP-functionalized adsorbent. ¢ Expressed as a volume of liquid N,.
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FIGURE 3. Si MAS NMR spectra for mesoporous molecular sieves

and their mercaptopropylsilyl-functionalized derivatives: (a) HMS-

C12 (bottom) and MP-HMS-C12 (top), (b) HMS-C8 (bottom) and MP-

HMS-C8 (top). The dotted lines represent deconvoluted signals fitted

using Gaussian line shape analysis.

HMS mesostructures and their functionalized analogues. In
these structures, the Q* sites are represented by the formula
unit (SiO,) and the Q? silanol sites by the unit (SiO,sH). The
grafting of 3-mercaptopropyltrimethoxysilane [Si(OCH3)s-
(CH,)sSH] to the mesostructures may involve the condensa-
tion of one, two or three Si-OCHj3; groups to an equivalent
number of surface Si-OH groups. Ageneral reaction formula
for the grafting reaction can be written as

(Si0,);_(SiO, sH), + SiX4(CH,);SH —
(Si02)17x+yz(siOZ.SH)xfyz[Sioz/2X3fz(CHZ)SSH]y +
yzHX (X = OCHj) (1)

where x represents the molar fraction of framework silicon
atoms initially present as Q2 (Si-OH) sites, y is the mercap-
topropyl group stoichiometric factor, and z is the average
number of Si-O bonds formed per grafted organosilane
molecule.

Table 1 shows the chemical formulas of the functionalized
mesostructures deduced on the basis of eq 1. For HMS-C12
and HMS-C8, 44—47% of the framework silicon atoms are
initially hydroxylated. Calcined MCM-41 prepared by the
STX~IT assembly pathway exhibits relatively broad 2°Si
resonances that are less accurately resolved (not shown),

2752 m ENVIRONMENTAL SCIENCE & TECHNOLOGY / VOL. 32, NO. 18, 1998

but fewer than 30% of the framework silicon atoms are
hydroxylated. The reaction of HMS-C12 and HMS-C8 with
3-mercaptopropyltrimethoxysilane in refluxing toluene re-
sults in the silylation of 12 and 6.6% of the framework silicon
sites, respectively. Clearly, the smaller pore size of HMS-C8
limits the extent of silylation. Nevertheless, the extent of
silylation is substantially greater than observed for calcined
MCM-41, where only 3.7% of the framework silicon atoms
is functionalized in the one-step silylation process.

On the basis of the XRD patterns, N, adsorption isotherms,
NMR spectra, and elemental analyses presented above, we
may conclude that the relatively constricted channel envi-
ronment for MP-HMS-C8 results in a low value for both the
pore diameter (1.5 nm) and the pore volume (0.27 cm?/g).
In contrast, the retention of significant open-framework
porosities for MP-HMS-C12 and MP-MCM-41 give rise to
relatively large pore diameters (2.7 and 2.0 nm, respectively)
and pore volumes (0.55 and 0.44 cm?3/g, respectively). Thus,
HMS silicas prepared from C12 or larger amine surfactants
are the most useful substrates for the design of functionalized
mesoporous materials, because the neutral framework as-
sembly (S°1°) process optimizes the surface OH group density
for reaction with siloxanes. This allows for the grafting of a
large number of metal-binding sites to the pore channel walls
of the oxide, resulting in a highly functionalized pore wall
surface. Although the surfactant is easily removed from as-
synthesized HMS by solvent extraction, the complete removal
of surfactant from MCM-41 prepared by electrostatic StX~1*
assembly requires either ion exchange under strongly acidic
conditions or calcination. The calcination process depletes
OH groups from the oxide surface. The grafting of siloxane
to calcined MCM-41 results in an adsorbent with sparsely
distributed mercaptopropyl groups in the pore channels. The
pore walls of calcined MCM-41 can be rehydroxylated by
acid hydrolysis and fully functionalized by reaction with a
mercaptopropylsiloxane, as demonstrated by the recent work
of Feng et al. (31). However, several acid treatment cycles
are needed to form a monolayer, perhaps as many as would
be required to remove the surfactant in the first place by ion
exchange.

Hg(Il) Adsorption on Grafted Mesostructures. In the
present work, Hg(Il) binding studies were carried out on
siloxane-grafted mesostructures for the purpose of illustrating
the importance of pore size and hydroxyl group surface
density on thiol group availability for Hg(Il) binding. Our
earlier studies (30) and those of Feng et al. (31) have shown
that the heavy metal ion selectivity is not affected by the
presence of the electrolytes normally associated with ground-
water and waste streams. Also, no detectable amounts of
Hg(ll) were adsorbed by any of the unfunctionalized me-
sostructures. However, as shown in Figure 4a, the binding
of Hg(Il) by MP-HMS-C12 and MP-HMS-C8 is quantitative
up to the saturation of the binding sitesat 1.5 and 0.55 mmol/
g, respectively. In contrast to the quantitative Hg uptake
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FIGURE 4. Hg(ll) binding by (a) MP-HMS-C12 (solid line) and MP-
HMS-C8 (dashed line), and (b) MP-MCM-41. The molar quantity of
Hg(l1) adsorbed per gram of adsorbent is plotted as a function of
the total (initial) amount of Hg(Il) per gram of adsorbent. The dashed
line represents the unity slope denoting the quantitative adsorption
of Hg(ll).

TABLE 2. Hg(IIRAAdsorption Data for Mercaptopropyl-
Functionalized Mesoporous Molecular Sieves

SH content Hg(ll) adsorbed Hg/S
material (mmol/g)2 (mmol/g)® molar ratio
MP-HMS-C12 15 15 1.0
MP-HMS-C8 0.90 0.55 0.61
MP-MCM-41 0.57 0.59 1.0

a Millimoles of S per gram of MP-functionalized adsorbent. ? Milli-
moles of Hg adsorbed per gram of MP-functionalized adsorbent.

exhibited by MP-HMS-C12 and MP-HMS-C8, the adsorption
of Hg(ll) to MP-MCM-41 (Figure 4b) was less effective in
reaching equilibrium, because Hg(ll) in excess of the binding
capacity is needed to achieve a saturation loading of 0.59
mmol/g.

The uptake rate of Hg(Il) was noticeably slower for MP-
MCM-41than for MP-HMS. The relatively sluggish mercury
absorptivity of MP-MCM-41 may be explained by the larger
fundamental particle size of MCM-41 compared to HMS.
HMS particles consist of loosely packed aggregates of
mesoscale fundamental particles, whereas those of MCM-
41 are blocky and much more monolithic. Particle size
analyses of aqueous suspensions (see Supporting Informa-
tion) showed that about 70% of the aggregates of HMS is
smaller than 1 um in diameter, whereas the MCM-41
aggregates are much larger (70% > 3 um). It has been
previously suggested that the larger fundamental most likely
accounts for the lower catalytic activity of this mesostructure
for several chemical conversions (42—44). A large particle
size may also be responsible for the comparatively slower
uptake of Hg(ll) at sites located deep inside the adsorbent
framework.

As seen from the results in Table 2, MP-HMS-C12 allows
Hg(ll) ions to access all of the complexing thiol groups in the
material (i.e., Hg/S = 1.0). This derivative retains a large
pore diameter (2.7 nm) and a significant liquid pore volume

(0.55 cm3/g), despite the high mercaptopropyl density (1.2
SH/nm?) on the pore walls. These physical characteristics
allow for the efficient binding of mercury to the mercap-
topropyl groups grafted on the large, open and uniform pore
channels of the adsorbent. However, in the case of the
smaller pore MP-HMS-C8 system with a pore diameter of
1.5 nm and liquid pore volume of 0.27 cm?/g, only 61% of
the sites are accessible for binding (i.e., Hg/S=0.61). Limited
access to the —SH-binding sites in the smaller pore HMS
derivative is consistent with the blocking of channels by the
grafted ligands (28), particularly in the regions where the
pores are constricted.

The importance of pore size on the accessibility of MP
groups is supported by the observation that Hg(ll) binding
is quantitative for both MP-HMS-C12 and MP-MCM-41.
Although MCM-41 has a comparatively small initial pore
size of 2.5 nm, the pore diameter decreases by only 2.0 nm
after grafting. This small decrease in pore size is attributed
to the presence of fewer and more widely dispersed mer-
captopropyl groups (0.57 mmol/g) on the framework pore
walls (0.28 SH/nm?) in comparison to functionalized HMS
mesostructures. Consequently, pore congestion is mini-
mized at the expense of loading capacity and the metal ions
can access all of the binding sites. This interpretation is
further substantiated by the retention of a significantly large
pore volume in MP-MCM-41 (Table 1).

The mercaptopropylsilyl functionalized MCM-41 deriva-
tives recently reported by Feng etal. (31) also are very effective
heavy metal ion adsorbents, binding Hg(l1) and other metal
ions quantitatively to levels up to 505 mg/g. Their products,
designated FMMS, have structural and reactivity features in
common with MP-HMS-C12, such as the retention of
framework mesoporosity and the ability to bind very high
levels of Hg(I1) ions to all of the thiol moieties present in the
material. The preparation of FMMS derivatives from calcined
MCM-41, however, requires several rehydration and mer-
captopropylsiloxane treatment steps to build up a mercap-
topropyl monolayer on the framework walls. This multistep
process is necessary, in part, because the OH group popula-
tion is substantially depleted by the surfactant calcination
step. In contrast, the preparation of MP-HMS-C12 is quite
facile, involving only a single mercaptopropylsilyl grafting
step to afford the adsorbent. Moreover, the room-temper-
ature synthesis used to prepare HMS and the ability to recover
the surfactant by ethanol extraction offer additional process-
ing advantages.

Compared to mesostructured metal ion adsorbents, other
solid-phase complexants exhibit substantially inferior metal-
binding properties. When thiol groups are grafted to the
interlamellar region of clay minerals, fewer than 10% of these
sites are available for metal ion binding. The low utilization
of the grafted ligand sites was attributed to the “stuffing” of
the interlayer region of the clay, which precluded access of
the target metal ions to most of the ligand sites (20). Limited
access was also observed for adsorbents prepared by the
grafting of thiol moieties to the surface of porous silica gel.
Although disordered (amorphous) silicas can exhibit surface
areas and average pore diameters comparable to MCM-41
and HMSsilicas, the broad pore size distributions and necking
of the pores results in significant pore blockage fuctional-
ization. Hence, a very low availability of the thiol groups for
metal binding (about 10%) is observed (30). The much higher
metal ion loading levels observed for metal ion traps prepared
from open-framework mesoporous molecular sieve silicas
can be attributed to their uniquely large and relatively uniform
pore structures.

Our results emphasize the advantages of molecular sieve
silicas and the importance of the framework hydroxylation,
nanoscale pore structure, and particle morphology in the
design of efficient, high capacity heavy metal ion absorbents.
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When the channel pores are comparatively narrow (diameter
<2 nm)and abundant hydroxyl sites are present, the grafting
of functional units is likely to result in highly congested
environments within the pore networks, drastically reducing
the surface areas, pore diameters, and pore volumes. As a
consequence, the effective binding of adsorbate species to
these functional sites may become significantly restricted.
However, framework mesostructures that possess both large
pore channel dimensions (diameters > 3 nm) and abundant
surface hydroxyl groups are conducive to the formation of
framework channels with both a large number of functional
sites and the retention of appreciable open-framework
characteristics (i.e., high surface areas, pore diameters, and
pore volumes). These latter features of mesoporous mo-
lecular sieve silicas, particularly as manifested in HMS
materials formed by neutral surfactant assembly, should
favorably impact the field of absorbent technology and the
ongoing efforts to design high-performance materials for
environmental cleanup and heavy metal ion recovery.
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