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Hybrid macroporous materials with thiol functional groups attached to titania and zirconia frameworks have

been prepared via colloidal crystal templating techniques for use as heavy metal ion adsorbents. Synthesis

procedures are described for the preparation of thiol–metal oxide materials containing either siloxane or

sulfonate linkages. The hybrid macroporous materials were characterized by SEM, FT-IR, 29Si MAS NMR,

elemental analysis, and nitrogen adsorption. The materials contained high levels of chemically anchored thiol

groups and had uniform porous structures. The hybrid macroporous materials were effective adsorbents for the

removal of heavy metal ions from solution, with adsorption capacities ranging from 0.33 to 1.41 mmol g21 for

mercury(II) ions and 0.27 to 1.24 mmol g21 for lead(II) ions. The hybrid materials remained effective for metal

ion adsorption after regeneration by an acid wash, with metal ion loading capacities of the recycled materials

being on average two-thirds that of the original capacities. The metal ion adsorption capacity and reusability

of hybrid macroporous materials makes them promising adsorbents for wastewater cleanup.

Introduction

Heavy metal ions, especially mercury and lead, are highly toxic
environmental pollutants. The development of techniques for
removal of these metal ions from waste streams has, therefore,
been a very active area of research. Effective approaches to
the removal of heavy metal ions from solution have involved
the use of various solid adsorbents, including activated car-
bon,1 organic ion exchange polymers,1 and numerous thiol-
functionalized silica-based supports, including silica gel,2,3

clays,4 and mesoporous silica.5–14 With these adsorbents, the
organic functionalities typically serve to form complexes with
heavy metal ions through acid–base reactions, and the solid
support allows easy removal of the loaded adsorbent from the
liquid waste. The thiol–silica adsorbents have typically been
prepared by either the covalent grafting of thiol–alkoxysilanes
to the silica supports via reaction of the alkoxy groups with
the surface hydroxyl groups,4,6–8,10,11 or by direct synthesis
co-condensation of thiol–alkoxysilanes with silica precursors
in the presence of organic templates or structure directing
molecules.9,12–15

A commonly used approach for the preparation of heavy
metal ion adsorbents has involved the use of surfactant
micelles to template hybrid mesoporous structures.6–15 This
approach followed the introduction of ordered mesoporous
materials prepared by micellar templating a decade ago.16–19

Materials prepared by this technique typically have pore
sizes ranging from 2–10 nm. More recently a different appro-
ach, utilizing polymer colloidal crystals as templates, has
allowed the preparation of macroporous materials with typical
pore sizes of 100 nm–1 mm. Variations of the colloidal crystal
templating approach have allowed the preparation of three-
dimensionally ordered macroporous (3DOM) materials with

diverse compositions,20 including metal oxides,21–23 metals,24–26

semiconductors,27–29 polymers,30,31 carbon,32 and hybrid
materials.33–35 While the specific surface area of macroporous
materials is typically lower than that of mesoporous materials,
the large pores in these materials have been found to improve
the accessibility of reactants to the active sites of the mater-
ial.36,37 The synthetic flexibility of the colloidal crystal tem-
plating approach is also beneficial for tailoring the reactivity of
porous materials. Organic functionalization of porous mater-
ials provides a means of tuning the surface properties to control
host/guest interactions and the hydrophobicity or hydrophili-
city of the surface. Functionalization also allows control over
the bulk properties of the materials, including the mechanical
and optical properties, as well as tailoring the refractive index
of the material for photonic applications.

In the current report, colloidal crystal templating techniques
were used to prepare hybrid macroporous materials for heavy
metal ion adsorption. Hybrid macroporous materials con-
structed of both titania and zirconia supports, functionalized
with thiol groups, were synthesized. Hybrid macroporous
materials have previously been prepared, however the com-
positions have been limited to silica materials. The functional
groups that have been chemically attached to macroporous
silica include vinyl,33 organically-modified polyoxometalate
clusters,34,35 and organic dyes.38 The benefit of utilizing titania
and zirconia as support materials is that they offer multiple
modes of functionalization, including siloxane (M–O–Si),39 sul-
fonate (M–O–S),40 and phosphonate (M–O–P)41–43 linkages.
Two of these bonding modes, siloxane and sulfonate linkages,
were studied here since precursors containing these linking
groups and thiol functionalities are commercially available.
The porous adsorbents were prepared via direct synthesis
procedures, which allowed the incorporation of high levels of
thiol functionalities into the materials. Thiol-functionalized
titania and zirconia with siloxane linkages could both be
prepared via single-step templating procedures. However, the
procedures for the incorporation of thiol–sulfonate groups
into the macroporous materials varied for the two metal oxide
compositions. The higher moisture sensitivity of zirconium
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alkoxides necessitated the use of a two-step templating
procedure for the preparation of thiol–zirconia with sulfonate
linkages, whereas a single-step procedure was used for the
preparation of thiol–titania with the same linking groups.

In this report, the procedures used to prepare the hybrid
porous materials, as well as their structures and compositions,
are described and compared. Results of the capacity of the
hybrid macroporous materials to adsorb mercury and lead ions
from aqueous solution are provided. It was found that all of
the hybrid macroporous materials exhibited an affinity for
heavy metal ions. Washing the loaded materials with an acid
removed the heavy metal ions, allowing the materials to be
reused. Subsequent tests of the metal ion adsorption capacity
demonstrated that the regenerated materials remained effective
for removal of metal ions from solution.

Experimental

Materials

Reagents were obtained from the following sources: (3-mercap-
topropyl)trimethoxysilane (MPTMS), 2-mercaptoethanesulfonic
acid (sodium salt) (MESA), 3-mercapto-1-propanesulfonic acid
(sodium salt) (MPSA), titanium(IV) propoxide, zirconium(IV)
propoxide (70 wt.% solution in n-propanol), zirconyl chloride
octahydrate, HCl (37%), n-propanol, tetrahydrofuran (THF),
methyl methacrylate (MMA), and 2,2’-azobis(2-methylpropion-
amidine) dihydrochloride, were from Aldrich; mercury(II)
chloride and lead(II) nitrate were from Mallinckrodt; absolute
ethanol was from Aaper Alcohol and Chemical Co.; acetone
was from Pharmco Products Inc. All chemicals were used
as received without further purification. Water used in all
syntheses was distilled and deionized to 17.7 MV cm.

Synthesis of PMMA colloidal crystal templates

Monodisperse poly(methyl methacrylate) (PMMA) spheres
were synthesized using an optimized version of literature
techniques44,45 and packed into colloidal crystals. PMMA
spheres were synthesized at 70–80 uC from mixtures of typical
composition: 1.4–1.65 L of water, 250–600 mL of MMA, and
1.5 g 2,2’-azobis(2-methylpropionamidine) dihydrochloride as
an azo initiator. Water and MMA were added to a five-neck
round-bottom flask, to which was attached an electric stirrer
driving a glass stirring shaft with a Teflon stirrer blade, a water-
cooled condenser, a pipet connected to a house supply of
nitrogen gas, and a thermocouple probe attached to a tem-
perature controller. The mixture was stirred at approximately
350 rpm, while being heated to 70–80 uC and purged with
nitrogen. After stabilization of the temperature at an elevated
level, the azo initiator was added and the reaction was allowed
to proceed for 1–2 h, producing colloidal PMMA spheres. The
colloidal polymer was filtered through glass wool to remove
any large agglomerates. PMMA colloidal crystals were formed
by centrifuging the colloid at 1500 rpm for 24 h, decanting the
water, and allowing the solid to dry for 3 days. Before being
used as templates, the PMMA colloidal crystal pellets were
crushed with a metal spatula to form a powder. PMMA spheres
used in the syntheses of macroporous materials had diameters
of 300 ¡ 5 nm and 480 ¡ 5 nm, as measured by SEM.

Synthesis of hybrid porous materials

Macroporous thiol-functionalized titania and zirconia mater-
ials with propyl–siloxane, ethyl–sulfonate, and propyl–sulfonate
linkages were prepared by PMMA colloidal crystal templating
with subsequent removal of the organic template by solvent
extraction. The designations below refer only to the type of
support (titania or zirconia) and functional group, and are not
meant to represent the stoichiometric chemical formulas.

T1, (TiO2-O3Si-Pr-SH). 3DOM thiol–titania materials with
propyl–siloxane linkages were prepared from precursor solu-
tions of typical composition: 8 mL of ethanol, 1 mL of HCl,
6 mL of titanium(IV) propoxide, 1 mL of water, 2 mL of
MPTMS. The reagents were added to a small vial containing
a magnetic stir bar in the order listed above. A clear solution
formed after each step. The precursor solution was stirred at
room temperature for several minutes. Dried PMMA sphere
colloidal crystals were crushed to a powder and deposited in
millimeter-thick layers on filter paper in a Büchner funnel.
With suction applied to the Büchner funnel, the precursor
solution was applied dropwise to completely wet the PMMA
powder. Equal amounts of PMMA and precursor solution, by
mass, were used. The composite sample was allowed to dry in
air at room temperature for 24 h, followed by drying at 80 uC
for 10 h. The PMMA template was removed from the sample
by extraction for 5 days in a refluxing solution of 1 : 1 (v/v)
THF and acetone. The powder product was recovered by
filtration and washed with THF, then acetone.

EA (wt.%): Ti (27.97), S (7.18), C (13.60). Carbon content
from thiol functional group and polymer template, assuming
no residual solvent (calculated from S and C analysis):
Cfunctional (8.07), CPMMA (5.53). FTIR (Si–O bands, cm21):
1141, 1040. SEM: pore size 265 ¡ 5 nm, template size 300 ¡
5 nm. BET surface area: 37 m2 g21. 1H–29Si CP MAS NMR,
ppm: 268 (T3), 258 (T2).

T2, (TiO2-O3S-Et-SH). 3DOM thiol–titania materials with
ethyl–sulfonate linkages were prepared from precursor solu-
tions of typical composition: 5 mL of water, 1.19 g of MESA,
1.5 mL of HCl, 8 mL of ethanol, and 6 mL of titanium(IV)
propoxide. The reagents were added to a small vial containing a
magnetic stir bar in the order listed above. The alkoxide was
added very slowly dropwise. With each drop of alkoxide added
to the precursor solution a precipitate formed, but dissolved
upon stirring the sample to form a clear solution. The precursor
solution was stirred and applied to the PMMA template,
followed by sample drying and extraction as described above.

EA (wt.%): Ti (27.92), S (11.40), C (6.54). Carbon content
from thiol functional group and polymer template (calculated
from S and C analysis): Cfunctional (4.27), CPMMA (2.27). FTIR
(S–O bands, cm21): 1232, 1155, 1047. SEM: pore size 270 ¡
5 nm, template size 300 ¡ 5 nm. BET surface area: 12 m2 g21.

T3, (TiO2-O3S-Pr-SH). 3DOM thiol–titania materials with
propyl–sulfonate linkages were prepared from precursor
solutions of typical composition: 5 mL of water, 1.30 g of
MPSA, 1.5 mL of HCl, 8 mL of ethanol, and 6 mL of
titanium(IV) propoxide. The reagents were added to a small vial
containing a magnetic stir bar in the order listed above. The
alkoxide was added very slowly dropwise. With each drop of
alkoxide added to the precursor solution a precipitate formed,
but dissolved upon stirring the sample to form a clear solution.
The precursor solution was stirred and applied to the
PMMA template, followed by sample drying and extraction
as described above.

EA (wt.%): Ti (29.79), S (10.99), C (8.89). Carbon content
from thiol functional group and polymer template (calculated
from S and C analysis): Cfunctional (6.17), CPMMA (2.72). FTIR
(S–O bands, cm21): 1223, 1149, 1047. SEM: pore size 275 ¡
5 nm, template size 300 ¡ 5 nm. BET surface area: 12 m2 g21.

Z1, (ZrO2-O3Si-Pr-SH). 3DOM thiol–zirconia materials
with propyl–siloxane linkages were prepared from precursor
solutions of typical composition: 8 mL of n-propanol, 5 mL of
zirconium(IV) propoxide, and 1 mL of MPTMS. The reagents
were added to a small vial containing a magnetic stir bar in the
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order listed above, forming a clear, dark green solution. The
precursor solution was stirred and applied to the PMMA tem-
plate, followed by sample drying and extraction as described
above.

EA (wt.%): Zr (43.08), S (4.44), C (12.09). Carbon content
from thiol functional group and polymer template (calculated
from S and C analysis): Cfunctional (4.99), CPMMA (7.10). FTIR
(Si–O bands, cm21): 1125, 1037. SEM: pore size 415 ¡ 5 nm,
template size 480 ¡ 5 nm. BET surface area: 18 m2 g21.
1H–29Si CP MAS NMR, ppm: 267 (T3), 257 (T2).

Z2, (ZrO2-O3S-Et-SH). 3DOM thiol–zirconia materials
with ethyl–sulfonate linkages were prepared by a two-step
templating procedure. First, a precursor solution of composi-
tion: 10 mL of water, 10 mL of methanol, 2.0 g of MESA, and
7.0 g zirconyl chloride was prepared. The precursor solution
was applied to 10 g of the powdered PMMA template on filter
paper in a Büchner funnel, with suction applied. The composite
sample was allowed to dry in air for 1 h. A second solution
was then prepared with composition: 10 mL of n-propanol
and 4 mL of zirconium(IV) propoxide. This solution was then
applied to the composite sample on a filter paper in a Büchner
funnel with suction applied, followed by sample drying and
extraction as described above.

EA (wt.%): Zr (41.57), S (8.30), C (8.16). Carbon content
from thiol functional group and polymer template (calculated
from S and C analysis): Cfunctional (3.11), CPMMA (5.05). FTIR
(S–O bands, cm21): 1243, 1151, 1047. SEM: pore size 450 ¡
5 nm, template size 480 ¡ 5 nm. BET surface area: 20 m2 g21.

Z3, (ZrO2-O3S-Pr-SH). 3DOM thiol–zirconia materials
with propyl–sulfonate linkages were prepared by a two-step
templating procedure. First, a precursor solution of composi-
tion: 10 mL of water, 10 mL of methanol, 2.0 g of MPSA, and
7.0 g zirconyl chloride was prepared. The precursor solution
was applied to 10 g of the powdered PMMA template on filter
paper in a Büchner funnel, with suction applied. The composite
sample was allowed to dry in air for 1 h. A second solution
was then prepared with composition: 10 mL of n-propanol
and 4 mL of zirconium(IV) propoxide. This solution was then
applied to the composite sample on a filter paper in a Büchner
funnel with suction applied, followed by sample drying and
extraction as described above.

EA (wt.%): Zr (45.04), S (8.64), C (8.48). Carbon content
from thiol functional group and polymer template (calculated
from S and C analysis): Cfunctional (4.85), CPMMA (3.63). FTIR
(S–O bands, cm21): 1241, 1147, 1044. SEM: pore size 460¡ 5 nm,
template size 480 ¡ 5 nm. BET surface area: 14 m2 g21.

MPTMS gel

A dry gel of the thiol–siloxane precursor, MPTMS, was
prepared for the purpose of comparing the IR absorptions of
this material with those of the MPTMS-modified metal oxides.
2 mL of MPTMS was mixed with 1 mL of water and 0.5 mL of
HCl. The solution was allowed to sit in an open container for
several weeks to solidify. The solid product was heated at 80 uC
for 10 h, producing a dry, white powder. FTIR (Si–O bands,
cm21): 1119 and 1039.

Metal ion adsorption tests

Heavy metal ion adsorption tests of the hybrid macroporous
materials were performed in batch mode. The adsorbents were
stirred in aqueous solutions (100 mL) of metal salts for 12 h,
using an equal amount by mass (50 mg) of the adsorbent and
metal salt, HgCl2 or Pb(NO3)2. The samples were then washed
repeatedly in deionized water, collected by filtration, and
allowed to dry prior to elemental analysis. Average loading

capacities of duplicate tests are reported. Loading capacities
for duplicate tests on the same samples varied within 5%.

Regeneration of adsorbents

After loading the adsorbents with Hg(II) ions as described
above, the heavy metal ions were removed from the samples
according to literature techniques4,6,8,9,11 by stirring in 1 M
HCl for 8 h. The metal adsorption test was then repeated on the
leached adsorbents by the method described above to test the
reusability of the materials.

Characterization

Elemental analyses were performed for Ti, Zr, Hg, and Pb
at the Department of Geology, University of Minnesota,
Minneapolis, MN, and for C and S at Atlantic Microlab Inc.,
Norcross, GA. Infrared spectroscopy was performed on a
Nicolet Magna-IR 760 spectrometer with mid-IR and far-IR
capability. Spectra were obtained using the powdered samples
in FTIR grade KBr pellets. Scanning electron micrographs
(SEM) were obtained on a Hitachi S-800 scanning electron
microscope operating at 4 kV. Samples for SEM were dusted
on an adhesive conductive carbon disk attached to an alumi-
nium mount and were coated with 70 Å Pt prior to exami-
nation. Polymer sphere diameters and macropore sizes were
determined from SEM. BET surface areas were measured by
nitrogen adsorption using an Advanced Scientific Designs
RXM-100 catalyst characterization instrument. Solid-state
NMR spectra were obtained on a Chemagnetics CMX-400
Infinity spectrometer at room temperature with a 5 mm zirco-
nia rotor spinning at 5.5 kHz. 1H–29Si CP MAS NMR spectra
(79.49 MHz, 6.5 ms 1H 90 u pulse width, 4 s pulse delay) used a
PDMS (plasma desorption mass spectroscopy) standard.

Results and discussion

Adsorbent synthesis and characterization

The preparation of macroporous thiol–titania and thiol–
zirconia materials via direct synthesis routes required careful
control of the reaction conditions to prevent premature
condensation of the sol–gel precursors and the formation of
bulk materials. The best results for the syntheses of macro-
porous thiol–titania materials were obtained when titanium(IV)
propoxide was used as the titania precursor. Titanium alk-
oxides are very reactive and moisture sensitive, undergoing
rapid condensation when exposed to moisture. However, the
addition of hydrochloric acid to titanium(IV) propoxide greatly
decreases the rate of condensation, allowing the addition of
water to the precursor solution without the formation of a
precipitate. This was especially important for the preparation
of precursor solutions for the thiol–titania materials with
sulfonate linkages, since water was required to dissolve the
sodium salts of the thiol–sulfonates. Titanium(IV) propoxide is
also very viscous, so the precursor solutions were diluted with
ethanol to increase penetration through the polymer template.

The order of addition of reagents to the precursor solutions
was found to be very important for the preparation of clear
precursor solutions. Most orders of addition of the same
reagents, other than those given in the Experimental section,
resulted in the rapid condensation of solids from the solutions.
Since precursor solutions containing both the thiol functional
group and the titania precursor could be prepared for all three
compositions, single-step templating procedures were used to
prepare all of the macroporous thiol–titania materials. The
reaction scheme for the preparation of thiol–titania materials
with propyl–sulfonate linkages is given in Fig. 1. The pro-
cedures used for the preparation of the other two thiol–titania
derivatives were similar. Following the colloidal crystal tem-
plating step in this procedure, the samples were first dried at
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elevated temperatures, and were then stirred in a refluxing
THF/acetone solution to extract the PMMA template. This
solvent extraction method for template removal was required
for these hybrid materials in order to preserve the organic
functional groups. The extraction process removed over 99% of
the PMMA template, by mass, and the porous thiol–titania
products (Fig. 2) contained an average of 6 wt.% PMMA. All
of the products had a three-dimensional arrangement of inter-
connected macropores. The linear shrinkage of the macro-
pores, compared to the diameter of the polymer template,
ranged from 8–12%.

The procedures for the preparation of the macroporous
thiol–zirconia materials were different than those for the
analogous titania samples, because zirconium alkoxides are
even more reactive and water sensitive than those of titanium.
As a result, neither acid nor water could be added to the
zirconium alkoxide precursor without rapid condensation of
zirconia. Macroporous thiol–zirconia materials with siloxane
linkages could, however, be prepared by a single-step tem-
plating procedure since water was not a required precursor.
Since zirconium(IV) propoxide is very viscous, it was necessary
to dilute it with n-propanol to increase penetration through
the polymer template. It is noteworthy that the precursor
solution for this material, containing zirconium(IV) propoxide,
MPTMS, and n-propanol, was a clear, dark green solution.
The green color is believed to be due to some type of charge-
transfer interaction occurring in the precursor solution.

The preparation of the macroporous thiol–zirconia materials
with sulfonate linkages required the use of a two-step tem-
plating procedure. This procedure is given in Fig. 3 for the
preparation of thiol–zirconia materials with propyl–sulfonate
linkages. In the first templating step, a solution of zirconyl
chloride and the thiol–sulfonate salt was applied to the PMMA
template. A zirconium(IV) propoxide solution in n-propanol
was then added in the second step. Following the colloidal
crystal templating steps, the samples were dried and the tem-
plate was removed by extraction. Similar to the thiol–titania

Fig. 1 Reaction scheme for the preparation of macroporous thiol–
titania materials containing propyl–sulfonate linkages. The precursors
are added to the PMMA colloidal crystal template in a single
step, followed by drying at an elevated temperature, and extraction
of the template by stirring the sample in a refluxing THF/acetone
solution.

Fig. 2 SEM images of the macroporous thiol–titania materials. (A) T1,
thiol–titania with propyl–siloxane linkages. (B) T2, thiol–titania with
ethyl–sulfonate linkages. (C) T3, thiol–titania with propyl–sulfonate
linkages.

Fig. 3 Reaction scheme for the preparation of macroporous thiol–
zirconia materials containing propyl–sulfonate linkages. The precur-
sors are added to the PMMA colloidal crystal template in two steps,
followed by drying at an elevated temperature, and extraction of the
template by stirring the sample in a refluxing THF/acetone solution.
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preparations, the extraction process removed approximately
99% of the PMMA template from the thiol–zirconia materials,
and the products (Fig. 4) contained an average of 9 wt.%
PMMA. All of the thiol–zirconia samples exhibited a three-
dimensional arrangement of interconnected macropores, how-
ever the order of the structures was generally inferior to that of
the titania samples. The linear shrinkage of the macropores,
compared to the diameter of the polymer template, ranged
from 4–14%.

High levels of thiol-functionalization were achieved for all
of the hybrid materials, while retaining a regular three-
dimensionally ordered macroporous structure. Evidence for
bonding of the thiol functional groups to the metal oxide sup-
ports was provided by the IR spectra of the materials. Attach-
ment of the functional groups to the metal oxide structures was
monitored by shifts in the positions of the characteristic Si–O
and S–O bond absorptions upon linking. For example, the
propyl–sulfonate precursor (MPSA) exhibited S–O absorp-
tions at 1221, 1198, 1168, and 1065 cm21. The S–O absorptions
for the respective products were observed at 1223, 1149, and
1047 cm21 (sample T3), and 1241, 1147, and 1044 cm21 (sam-
ple Z3), Fig. 5. The shift in the positions of these absorptions
from the precursors to the products indicates that attachment
of the functional groups to the metal oxide has likely occurred.
Evidence for attachment of the functional groups to the metal
oxides is also supported by the similarity of the absorption
positions for each class of thiol group linked to either titania
or zirconia. The S–O absorptions for the products with sul-
fonate linkages are also very similar to the literature values of
1248, 1142, and 1044 cm21 reported for S–O bond vibrations

of sulfated zirconia,46 further confirming that linking has
occurred. Similar results were obtained for the other samples,
and these and other characterization results are given in
Table 1.

The thiol–titania and thiol–zirconia macroporous materials
with siloxane linkages (samples T1 and Z1, respectively) were
characterized by solid state 1H–29Si CP MAS NMR. A broad
feature was observed in the spectrum of both samples corres-
ponding to T3 and T2 bonding environments, where Tn repre-
sents a silicon atom bonded to one organic (R) group and a
varying number of O–M (M ~ Si, Ti, or Zr) and O–H groups,
i.e. Si(R)(OM)n(OH)32 n. The approximate chemical shifts
of these poorly resolved peaks, based on deconvolution, are
268 and 258 ppm for T1, and 267 and 257 ppm for Z1. For
comparison, literature values of T3 and T2 peaks for thiol–silica
materials with siloxane linkages range from 264 to 272 and
255 to 263 ppm, respectively.3,7,9–13,15 The presence of Si–O–
Ti and Si–O–Zr bonds (from condensation of the siloxane
with the metal oxide) would be expected to give a small shift in
the peak positions compared to Si–O–Si bonds (from self-
condensation of the siloxane), due to the differences in electron
densities of Ti and Zr compared to Si. However, the limited
resolution of the signals does not allow the identification of the

Fig. 4 SEM images of the macroporous thiol–zirconia materials. (A)
Z1, thiol–zirconia with propyl–siloxane linkages. (B) Z2, thiol–zirconia
with ethyl–sulfonate linkages. (C) Z3, thiol–zirconia with propyl–
sulfonate linkages.

Fig. 5 IR spectra of samples T3 (A) and Z3 (B).
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specific bonding mode. It is likely that a mixture of Si–O–Si and
Si–O–Ti (or Zr) bonds are present.

Heavy metal ion adsorption

The ability of the hybrid macroporous materials to remove
the heavy metal ions mercury(II) and lead(II) from solution
was tested by stirring the adsorbents in aqueous solutions of
the metal ions. Results of the metal ion adsorption tests are
summarized in Table 2. The adsorption capacity of the hybrid
macroporous materials for mercury(II) ions ranged from 0.33–
1.41 mmol of Hg(II) ions adsorbed per gram of adsorbent. The
Hg(II) loading was similar for each class of functional group,
with the best results obtained for the thiol–metal oxides with
propyl–sulfonate linkages. The adsorption efficiencies ranged
from 0.19–0.82 mol of Hg(II) ions adsorbed per mol of thiol
groups in the adsorbents. Less than stoichiometric adsorption
is most likely due to a limited accessibility of the thiol groups in
the interior of the walls. The adsorption capacity for lead(II)
ions ranged from 0.27–1.24 mmol g21, with the thiol–titania
samples containing sulfonate linkages exhibiting the highest
loadings. The adsorption efficiencies for Pb(II) ions ranged
from 0.21–0.72 mol of Pb(II) ions adsorbed per mol of thiol
groups. The heavy metal ion loading capacities achieved with
the hybrid macroporous titania and zirconia adsorbents are
competitive with results of ca. 0.10–3.00 mmol g21 for Hg(II)
and 0–0.35 mmol g21 for Pb(II) obtained for various porous
silica-based adsorbents.3–15

Regeneration of adsorbents

To test the reusability of the hybrid macroporous adsorbents,
the Hg(II) ion loaded samples were treated with 1 M hydro-
chloric acid to remove the heavy metal ions. The leached
materials were then subjected to a second round of metal ion
adsorption testing. The results for metal ion adsorption using
the regenerated adsorbents are summarized in Table 3. All of
the hybrid macroporous materials maintained greater than
50% of the original metal ion loading capacity. The regenerated
thiol–zirconia samples generally retained higher loading capa-
cities than the thiol–titania samples, giving average capacities
of 74% and 58% of the original loading, respectively.

Conclusions

Several methods have been presented for the preparation of
a new class of heavy metal ion adsorbents, composed of
thiol functional groups attached to a macroporous titania or
zirconia matrix. The synthetic flexibility of the colloidal crystal
templating approach allowed the preparation of the porous
materials via direct synthesis procedures, therefore providing
a means to incorporate high levels of thiol groups into the
materials. The choice of titania and zirconia frameworks
allowed multiple bonding modes to be explored, as demon-
strated by the siloxane and sulfonate bonding modes presented
here. The hybrid macroporous materials functioned as toxic
metal ion adsorbents, removing mercury and lead ions from
solution. The hybrid macroporous adsorbents could be
recycled by leaching the loaded metal ions from the materials
by an acid wash and using the regenerated samples for further
metal ion adsorption. The improved mass transport offered
by materials with macroporous structures makes the hybrid
materials reported here potential adsorbents for cleanup of
wastewater using flow systems.
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Table 1 Physical characterization of the hybrid macroporous materials and precursors

Material IR (S–O) or (Si–O)/cm21
Pore
size/nm

Template
size/nm

Surface
area/m2 g21

Thiol density/
mmol g21

(MeO)3Si-Pr-SH gel 1119, 1039 — — — —
T1, TiO2-O3Si-Pr-SH 1141, 1040 265 300 37 2.24
Z1, ZrO2-O3Si-Pr-SH 1125, 1037 415 480 18 1.38
NaO3S-Et-SH 1206, 1168, 1139, 1058 — — — —
T2, TiO2-O3S-Et-SH 1232, 1155, 1047 270 300 12 1.78
Z2, ZrO2-O3S-Et-SH 1243, 1151, 1047 450 480 20 1.29
NaO3S-Pr-SH 1221, 1198, 1168, 1065 — — — —
T3, TiO2-O3S-Pr-SH 1223, 1149, 1047 275 300 12 1.71
Z3, ZrO2-O3S-Pr-SH 1241, 1147, 1044 460 480 14 1.35

Table 2 Metal ion adsorption data for the hybrid macroporous materials

Material

M/SH
(M ~ Ti,Zr)
mol/mol

Hg(II)
adsorbed/
mmol g21

Pb(II)
adsorbed/
mmol g21

Adsorption efficiency mol/mol

Hg/SH Pb/SH

T1, TiO2-O3Si-Pr-SH 2.61 0.43 0.47 0.19 0.21
T2, TiO2-O3S-Et-SH 3.28 0.33 0.82 0.19 0.46
T3, TiO2-O3S-Pr-SH 3.63 1.41 1.24 0.82 0.72
Z1, ZrO2-O3Si-Pr-SH 3.41 0.54 0.36 0.39 0.26
Z2, ZrO2-O3S-Et-SH 3.52 0.45 0.27 0.35 0.21
Z3, ZrO2-O3S-Pr-SH 3.66 0.87 0.36 0.64 0.27

Table 3 Metal ion adsorption data for the regenerated hybrid
macroporous materials

Material

Hg(II) adsorbed/mmol g21
% Original
metal ion
loading capacityInitial test 2nd test

T1, TiO2-O3Si-Pr-SH 0.43 0.27 63
T2, TiO2-O3S-Et-SH 0.33 0.19 58
T3, TiO2-O3S-Pr-SH 1.41 0.75 53
Z1, ZrO2-O3Si-Pr-SH 0.54 0.37 69
Z2, ZrO2-O3S-Et-SH 0.45 0.34 76
Z3, ZrO2-O3S-Pr-SH 0.87 0.67 77
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