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Effect of Preparation Conditions on the Adsorption of Heavy Metal lons from
Aqueous Solution by Mesoporous Silica Materials Prepared Using Organic

Template (HDTMAB)

Ling-Chu Lin, Munusamy Thirumavalavan, Ying-Ting Wang, and Jiunn-Fwu L ee*

Graduate Institute of Environmental Engineering, National Central University, Chung-Li, Taoyuan County, 320, Taiwan

This paper describes the simple hydrothermal preparation of self-adsorbing mesoporous materials using
hexadecyltrimethyl ammoniumbromide (HDTMAB) as the template without any functionalization. The
template was readily removed upon calcination, as confirmed through Fourier transform infrared spectroscopic
analysis. The effects of preparation methods were explored under various experimental conditions. We found
that the temperature, time, calcination conditions, and pH all affected the distribution of pore sizes and the
surface area, whereas higher pH (strong base) did not favor the preparation of a porous medium because of
OH inhibition. We obtained a relatively high surface area (1568.72 m?-g~1) and large pore size (3.07 nm)
under the optimal reaction conditions. A study of the Langmuir adsorption of metal ions (e.g., Pb?*, Cu?™,
Ni2") revealed that it was a physical phenomenon with the maximum adsorption occurring for the sample
prepared under the optimized experimental conditions, with Pb?" (6.61 mg-g™*) exhibiting enhanced
adsorption relative to Cu?™ (3.46 mg-g™1) and Ni?" (2.25 mg-g ') because of its larger ionic radius and
higher electronegativity. Thus, such as-synthesized mesoporous materials hold great potential for use in the
removal of heavy metal ions from agueous sol utions compared to commercially available powdered activated

carbon (PAC).

Introduction

Although the removal of pollutants from wastewaters™? can
be performed using various technologies such as precipitation,
ion exchange, membrane filtration, and reverse osmosis, these
methods can have several disadvantageous features such as
expensive equipment, continuous replenishment of chemicals,
and failure to meet the Environmental Protection Agency
requirements.>* Considering the limitations of conventional
methods for metal removal, the most promising alternative
method appears to be the adsorption process. In addition,
adsorption is superior to other techniques for water reuse in
terms of theinitial cost, smplicity of design, ease of operation,
and insensitivity to toxic substances.>® The development of
improved adsorbents for the removal of toxic heavy metal ions
from wastewater remains a continuing research objective for
environmental pollution control processes. Mesoporous materials
have great potential for use in environmental processes, and
considerable effort has been devoted to the preparation of
mesoporous adsorbents because of their unique large surface
areas, well-defined pore sizes, and controllable surface proper-
ties.”® In such preparations, surfactant molecules are generally
used to form supramolecular assemblies in solution, either
through electrostatic surfactant—precursor assembly interactions
or hydrogen bonding. Subsequent surfactant removal resultsin
a solid ordered material possessing high porosity which makes
these materials very attractive for applications™ such as catalytic
supports, sensors, and adsorbents. The use of mesoporous silicas
as heavy metal ion adsorbents has been widely studied
recently.** "¢ Although such adsorbents generally require
specific binding sites for heavy metal ions, most mesoporous
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materials do not possess such surface properties. Accordingly,
an efficient approach®?° has been developed in which
functional monolayers are chemically bonded to the surfaces
of supports. In general, the surfaces of most of the mesoporous
materials can be chemically modified to enhance their surface
properties. With the increasing demand for economical large-
scale water treatment applications, the development of novel,
low-cost, stable, and efficient sorbents remains a great and
significant challenge. In this paper, we report the hydrothermal
synthesis of stable self-adsorbing (as-synthesized) porous ad-
sorbents possessing improved surface characteristics for usein
environmental remediation of various metal ions without any
preceding functionalization (surface modification). The meso-
porous materials should exhibit excellent structural flexibility
and thermal and mechanical stability, which should be alterable
by varying the synthetic conditions. Optimizing the synthetic
conditions is the greatest challenge when searching for novel
mesoporous adsorbents, and hence the synthesis, characteriza-
tion, and use of mesoporous materias are all of considerable
fascination to researchers. In this study, we attempted to
integrate our recent efforts to synthesize mesoporous materials
that function as adsorbents for metal ions such as Cu?*, Ni?*,
and Pb?". We synthesized ordered mesoporous materials using
surfactant micellar structures as templates that were subsequently
removed through thermal treatment. We sought to clarify the
effects of the preparation methods on the properties of the self-
adsorbing mesoporous materials and to illustrate their application
as adsorbents. We found that the hydrothermal synthesis was
readily controlled by varying the temperature, time, filtration,
and pH. Comparison with the adsorption behavior of analogous
mesoporous materials confirmed that the reported mesoporous
materiasin this study possess severa advantageous properties

10.1021/je1002253  © 2010 American Chemical Society
Published on Web 07/19/2010



3668 Journal of Chemical & Engineering Data, Vol. 55, No. 9, 2010

Table 1. Mesoporous Materials Prepared under Various Experimental Conditions

sample pH time (h) temp (°C) calcination temp (°C) filtration (exhaust or dialysis membrane) drying (oven or feeze)
ZC-16 10 24 100 600 exhaust oven
ZC-16-12H 10 12 100 600 exhaust oven
ZC-16-48H 10 48 100 600 exhaust oven
ZC-16-96H 10 96 100 600 exhaust oven
ZC-16-168H 10 168 100 600 exhaust oven
ZC-16-60 10 24 60 600 exhaust oven
ZC-16-80 10 24 80 600 exhaust oven
ZC-16-500 10 24 100 500 exhaust oven
ZC-16-700 10 24 100 700 exhaust oven
ZC-16-C 10 24 100 600 dialysis memb. freeze
ZC-16-P9 9 24 100 600 exhaust oven

relative to that of commercially available powdered activated
carbon (PAC).

Experimental Section

Chemicals. Standard metal ion solutions were obtained
commercialy. All the chemicals and reagents used in this study
were of Analar grade (AR grade) and used as supplied without
further purification.

Preparation of Mesoporous Materials (ZC-16) Using
HDTMAB. An agueous solution of hexadecyltrimethyl ammo-
niumbromide (HDTMAB) was shaken at 40 °C for 30 min at
150 rpm in a Lab-line orbit environ shaker. Sodium silicate
solution (35 % 0.05 M, pH = ca 11 or 12) comprising 16.22
g-mol ! of SIO, (assay 27 %) and 4.96 g-mol ~* of Na,O (assay
8 %) was prepared by shaking aqueous sodium silicate solution
at 150 rpm for 30 min at 40 °C. The HDTMAB solution was
added slowly to the sodium silicate solution over a period of
1 h under stirring, and after complete addition, the reaction
mixture was diluted using an appropriate amount of deionized
water. Next, 1 M H,SO, was added to maintain the pH at ca.
10. The reaction mixture was heated at 100 °C for 24 h. After
cooling, the sample was washed severa times with deionized
water, filtered, and dried at 100 °C in an oven for 12 h. The
final sample (herein referred to as ZC-16) was obtained after
calcination at 600 °C. ZC-16 was prepared and referred to under
different experimental conditions as shown in Table 1.

Batch Adsorption Studies. The adsorption of Cu?*, Ni?*, and
Pb?* was investigated in batch equilibrium experiments. Stock
solutions of metal ions (1.0 g-L™?) were prepared using the
obtained standard solutions in distilled water. The temperature
was maintained at 28 °C. The experiments were performed at
pH 3 in 250 mL conical flasks containing metal ion solutions
[(1 to 8) mg-L~Y] and the adsorbents (0.1 g) and shaken for
24 h at 150 rpm in a Lab-line orbit environ shaker.

Analytical Procedure. The adsorption of metal ions from
aqueous solutions was studied. After the desired incubation
period for each batch, the agueous phases were separated from
the materials, and the concentration of metal ions was measured
using a Varian AA-400 atomic absorption spectrophotometer
(AAYS).

The amount of metal adsorbed was calculated using the
following equation

9 = [(Co — OVI/M

where e is the amount of metal ion adsorbed per unit amount
of the adsorbent (mg-g1); Co and C are the concentrations of
the metal ion in the initid solution (mg-L™) and after
adsorption, respectively; V is the volume of the adsorption
medium (L); and M is the amount of the adsorbent (g). The
value of gmx Was calculated from ge using Langmuir linear

isotherms, and the corresponding values were obtained using a
linear method.

Desorption and Reuse of the Adsorbents. The reusability of
the adsorbents for metal ion adsorption was determined.
Measurements were repeated after 4 to 5 consecutive adsorp-
tion—desorption cycles using the same adsorbent, and the
maximum deviation was found to be + 4 %. The desorption of
metal ions was measured in a 10 mM HCI:HNO; solution. The
adsorbents with metal ions were placed in the desorption medium
and stirred a 150 rpm for 60 min a 25 °C. The fina metal ion
concentration in the agueous phase was determined by using an
Atomic Absorption Spectrophotometer (AAS), as described above.
The desorption ratio was cal culated from the amount of metal ion
adsorbed by the adsorbents and the find metal ion concentration
in the desorption medium using the following equation

Desorption ratio (%) =
amount of metal ions desorbed to the elution medium)-
100/(amount of metal ions adsorbed onto adsorbents)

Characterization Techniques. The average pore diameter and
specific surface area [Brunauer—Emmett—Teller (BET) surface
and pore volume] were measured using a Quantochrome NOVA
1000. The adsorbents were analyzed using X-ray diffraction
(XRD) and scanning electron microscopy (SEM). XRD patterns
were obtained at room temperature using a Mac Science M3X
model 1030 instrument equipped with a Cu Ko X-ray source
(40 kV and 20 mA). SEM was performed using an HITACHI-
S-800 field emission scanning electron microscope. The surface
composition was calculated through elemental analysis using
energy dispersive spectroscopy (EDS) combined with SEM.
Fourier transform infrared (FT-IR) spectra were recorded using
aNeclit 6700 model spectrometer. A LM-595R rotary incubator
(YIH DER Company) was used in the experiments requiring
incubation. The pH was determined using a Jenco 6171
microcomputer-based bench pH meter.

Results and Discussion

To study the effects of the preparation methods, we varied
several experimental parameters such as hydrothermal temper-
ature, time, pH, calcination conditions, filtration, and drying as
shown in Table 1. The techniques FT-IR spectroscopy, BET,
SEM, and XRD were used to characterize the resulting
as-synthesized mesoporous materials. We obtained various
mesoporous materials with different surface areas and pore sizes
under the various experimental conditions (see Table SI,
Supporting Information). In addition, in this study we also
compared the activities of these mesoporous materials as well
as their adsorption behavior toward various metal ions.

FT-IR Spectroscopy, BET, SEM, TEM, and XRD. The
surface compositions of the mesoporous materials were calcu-
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Figure 1. XRD patterns of ZC-16.

lated using EDS elementa analysis. The Si:C ratio for ZC-16
was 0.96 (S = 49.20 %; C = 50.80 %) confirming that the
surfactant remained throughout the synthesis.* The experimental
data show that varying the synthetic conditions affected the
specific surface area and pore size distribution. Thus, we
compared the changes in surface areas and pore sizes of the
mesoporous materials synthesized under various preparation
conditions. Figure 1 shows the XRD patterns of ZC-16 which
exhibits peaks (26) at 2.20° (dipo = 4.03 nm), 3.90° (diyo =
2.26 nm), 4.20° (dzoo =210 nm), and 5.60° (dz]_o =158 nm).
These peaks are indicative of typical silicate mesoporus materials

TFTC SEl 10.0K 10 Tum WD 7 9mim

Figure 2. SEM images of (a) ZC-16, (b) ZC-16-12H, (c) ZC-16-C, and (d) ZC-16-P9.
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(MCM-41), and it is identified as the thermally stable porous
medium having a hexagonal lattice structure with a unidimen-
sional pore distribution.?*?2 The mesoporous materials synthe-
sized under various experimental conditions were characterized
using FT-IR spectroscopy to confirm the nature of the functional
groups before and after removing the organic template. The
peaks at 800 cm™! and 1082 cm™! are due to symmetric and
asymmetric »(Si—O—Si); the peak at 963 cm™! is due to
terminal v(Si—OH); the peak at 2800 cm™ is due to v(CHy);
the peak at 2920 cm™* is due to v(CH,); and the peak at 3480
cmt is due to »(OH) and hydrogen-bonded v(Si—OH). The
disappearance of the sharp peaks at 2800 cm~! and 2920 cm™*
in the spectra of (see Figure S1, Supporting Information) the
meosoporus materials after removing HDTMAB confirms the
complete remova of this template. The SEM morphological
studies of the mesoporous materials confirm the presence of
uniformly distributed well-defined holes on the surface. The
detailed study of the SEM reports that the different experimental
conditions affected the structure and pore dimensions® of the
mesoporous materials as shown in Figure 2.

N, Adsorption Isotherms. The obtained nitrogen adsorption
isotherms (see Figure S2, Supporting Information) obviously
convey that al the samples exhibited the same adsorption
behavior, and the isotherms were type IV curves™ in which
the hysteresis was not obvious initially (it may occur only in
the high relative pressure range). At low relative pressure (P/
Py = 0:3) the adsorbed volume increased linearly upon
increasing the pressure. This region corresponds to a mono-
layer—multilayer adsorption on the pore walls. Increasing the
value of P/P, from 0.3 and 0.4, we observed a sharp increase
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Figure 3. Effect of hydrothermal time on BJH pore distribution.

in the adsorbed volume, which we attribute to capillary
condensation. At higher relative pressures, multilayer adsorption
occurred on the external surface, resulting in a gradual increase
in the adsorbed volume. At avalue of P/Pg of 1, saturation was
reached indicating that all of the mesopores were filled with
the condensed adsorbents. The isotherm for the mesoporous
materials exhibits a sharp inflection characteristic of capillary
condensation within a narrow pore size distribution, where the
value of P/P, of the inflection point is related to the average
diameter of the pores.?* These N, adsorption data confirmed
the uniformity of the pore size distribution of the samples.

Effect of Heating Time. To investigate the effect of different
hesting times, the hydrothermal synthesiswas carried out under
different heating times at 100 °C. The mesoporous materials
obtained after 24 h (ZC-16) had the largest surface area among
all the related samples (see Table S1, Supporting Information).
The lowest surface area existed for the medium obtained after
7 days (ZC-16-168H). This result suggests that alonger heating
time results in drying of the water content of the medium and
hence a significant decrease in the surface area of the porous
medium. In contrast, we did not observe any significant changes
(only small random variations) in the average pore sizes of the
media upon varying the hydrothermal heating times. The plot
of pore volume with respect to pore size is shown in Figure 3,
which reveals the effective pore size engineering. The pore size
distribution was accumulated (narrow) and random over awide
range,?* and the observed BJH distributions for ZC-16-96H and
ZC-16-168H were large. Mesopores having a broad distribution
of pore diameters around (20 to 70) A were present. A longer
hydrothermal heating process led to an increase in the pore size
distribution, but it decreased the surface area of the porous
medium significantly.

Effect of Hydrothermal Temperature. The different porous
media ZC-16-60, ZC-16-80, and ZC-16 were obtained at various
hydrothermal temperatures of 60 °C, 80 °C, and 100 °C,
respectively. From the experimental results, we found that
increasing the hydrothermal temperature favored the formation
of porous materials having large surface areas. We observed a
general increase in the surface area after increasing the synthesis
temperature from (60 to 100) °C (see Table S1, Supporting
Information). This increase in temperature corresponds to an
increase in solvating power during the synthesis.® Thisis due
to the fact that at higher temperature the reaction is accelerated
and the uniform homogeneity occurs quickly due to the increase
in solvating power. The pore size distribution for various
hydrothermal temperatures was obtained (see Figure S3, Sup-

porting Information). It is obvious that the cumulative pore size
distribution was accumul ated (narrow)?* over awide range, and
the distribution of pore sizes increased uniformly upon increas-
ing the hydrothermal temperatures. We observed a broad
distribution of pore diameters of (20 to 50) A for the mesoporous
materials. Hence, increasing the temperature significantly
increased the pore size distribution, surface area, and pore size.
With respect to surface area, the porous materials followed the
order ZC-16 > ZC-16-80 > ZC-16-60, and with respect to pore
size, it was ZC-16 ~ ZC-16—80 > ZC-16-60. These orders
confirm that uniformly distributed porous materials possessing
large surface areas could be obtained effectively at higher
hydrothermal temperatures.

Effect of Calcination Temperature. We performed experi-
ments at different calcination temperatures to study the effect
of calcination. On the basis of the resulting pore size distribu-
tions, we found that the effect of calcination was insignificant.
When we increased the calcination temperature from (500 to
600) °C, the surface area increased, but pore size decreased.
When the calcination temperature was further increased to 700
°C, the surface area decreased, whereas the pore size remained
approximately unchanged, suggesting that calcination at higher
temperatures may lead to structural damage.

Effect of Filtration Method on Preparation. The effect of
filtration was studied using both conventional filtration and
dialysis membrane filtration. A comparison of both filtrations
suggests that surface area of the porous materials was reduced
when the synthesis method included dialysis membrane filtra-
tion, whereas the pore size was amost identical in both methods.
One possible explanation for this behavior® is that a portion
of the mesoporous materials was bound to or trapped in the
membrane filter when we filtered a highly diluted solution.
Therefore, to prevent erroneous results, it is recommended that
the solutions be filtered at high concentration. So, it is concluded
that dialysis membrane filtration is not advisible when attempt-
ing to prepare large surface area porous materials.

Effect of pH. To investigate the effect of pH, we performed
syntheses at values of pH of 9 and 10. We suspected that high
values of pH (pH 11 or 12) would not favor the formation of
porous materials because the use of strong base to adjust the
pH would surely inhibit the OH concentration and lead to
structural disintegration of the alkyl silicates asindicated in eqs
1 and 2. Hence, the formation of reaction to obtain the porous
materias at high pH is not easy. N, adsorption isotherms of
the porous materials obtained at pH 9 and 10 were compared,
and it can be noticed that hysteresis occurred (see Figure S2,
Supporting Information) for ZC-16-P9 at values of P/P, ranging
from 0.7 to 0.8 due to the proximity of the region of transition
between irreversible and reversible adsorption behavior.?*%”
Comparison of the N, adsorption isotherms reveals that ZC-16
exhibited a sharp step in capillary condensation in the mesopores
at a relative pressure of ca. 0.4, indicating its narrower pore
size distribution relative to that of ZC-16-P9. In addition, the
cumul ative pore size distribution indicates that the accumulation
of holes and the distribution of poreswere larger in ZC-16 than
in ZC-16-P9 (see Figure $4, Supporting Information). The
mesopores had a broad distribution of pore diameters around
(30 to 40) A and (200 to 800) A. Even though ZC-16 had a
larger surface area and a greater pore size distribution, its pore
size was significantly reduced relative to that of ZC-16-9 (see
Table S1, Supporting Information).

[ A

O~S O +HO S 0 <— O0—S—0-S—0 +HO M



L P

O~ S 0-S8S 0 +H0O<—— O & O0-—S OH+OH 2)

Adsorption of Heavy Metal lons. Next we measured the
adsorption ability of the as-synthesized mesoporous materials.
In this experiment, adsorption of heavy metal ions such as Cu?*,
Ni2*, and Pb?" was carried out. For this purpose, various
concentrations of (1 to 8) mg-L ! of heavy metals were used
in solutions and were mixed with 0.1 g of the adsorbent, and
the adsorption behavior was studied after 24 h. Generdly,
Langmuir and Freundlich adsorption models are commonly used
to study the adsorption phenomena.?®~*° To access the adsorp-
tion effect of adsorbents, the Langmuir linear adsorption model
was used in this study. The adsorption of various metal ions
(P?* and Cu?") by different adsorbents is shown in Figure 4.
The obtained adsorption data of metal ions and Langmuir
parameters for all the adsorbents are given in Table 2. It can be
seen from the results that in all cases the calculated R? value is
found to be 0.9, indicating that the Langmuir isotherm model
fitted the data well. The results suggest that the adsorption
process involved a physical adsorption with the adsorption
capacity depending upon the surface area and pore size of the
adsorbents. This finding is supported by the fact that both
physical and chemical adsorption processes are predominant as
afunction of the concentration range used.®* At low concentra-
tion, essentially physical adsorption without excluding ion
exchange becomes preponderant, and a remarkable deviation
may occur at higher concentration. One possible explanation
for physical adsorption occurring at lower concentration may
be the release of weakly bonded ions into the solution, making
it easy for metal ions to be removed through ion exchange.®
Adsorption by each of the adsorbents increased upon increasing
theinitial concentration of the metal ionsin solution. In all cases,
when the initial concentration exceeded (3 to 4) mg-L ™2, the
adsorption capacity remained amost constant, presumably
because at that initial concentration the active adsorption sites
of the adsorbents were amost gradually filled by metal ions,
and hence the adsorption activity was limited.> Thus, when
the initial concentration of metal ions was increased further,
no additional adsorption occurred because of the unavailability
of adsorption sites suggesting that an optimal concentration of
metal ions existed for effective adsorption. These experiments
vividly reveal that the choice of preparation conditions atered
not only the surface morphology of the adsorbents but also the
extent of their adsorption of metal ions.

Comparison of Adsorption Capacity of Heawy Metal
lons. On the basis of the experimental results, it is observed
that among the heavy metal ions tested the adsorption behavior?
of Pb?" was appreciably higher than that of the remaining metal
ions with the selectivity sequence being Pb?" > Cu?* > Ni?*.
This could be attributed to the relatively larger size, larger ionic
radius, and higher electronegativity of Pb.3*3> Heavy metal ion
uptake can occur through severd different mechanismsinvolving
ion-exchange and adsorption processes.*® During the ion-
exchange process, metal ions must move through both the pores
and the channels of the lattice, and they must replace exchange-
able cations. Diffusion is faster through the pores, but it is
retarded when the pores are small. In this case, the meta ion
uptake can mainly be attributed to ion-exchange reactions in
the mesoporous medium. The heavy metal cations are present
as hexaagua complex ions in solution, with six surrounding
water molecules, and they must pass through the pores in this
form. Since the adsorption phenomenon depends on the charge
density of cations, the diameter of the hydrate cations is very
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Figure 4. Adsorption of Pb** and Cu?* ions by ZC-16-P9 and ZC-16.

Table 2. Adsorption of Heavy Metal |ons by Mesoporous Materials
and Langmuir Isotherm Parameter

adsorption of metal

ions (Gm, Mg-g %) R?
sample Pt Cuw? Nt Po?* cu?* Ni2*
ZC-16 6.61 3.46 2.25 0.9922 0.9907 0.9949

ZC-16-12H 5.34 221 124 09926 0.9908 0.9946
ZC-16-48H 5.45 231 189 09907 0.9978 0.9933
ZC-16-96H 5.62 251 213 09908 0.9944 0.9961
ZC-16-168H 557 211 191 00883 0.9914 0.9905
ZC-16-60 5.99 3.17 197 09946 0.9971 0.9975

ZC-16-80 6.12 3.32 206 09626 0.9484 0.9942
ZC-16-C 6.04 311 203 09891 0.9733 0.9975
ZC-16-P9 8.16 2.94 218 09738 0.9884 0.9949
PAC - 201 - - 0.9672

important as the charges of the metal cations are the same
(2+).3” Adsorption values show that these metal ions were
readily and rapidly adsorbed in the order Ni?" < Cu?" < Pb?",
which agrees with the Irving—Williams series.®® Notably,
however, the selectivity for Pb?" was greater than that for Cu?*
and Ni?*, suggesting that the size of the pores played a vita
role in the adsorption process. The reported adsorbents possessed
suitably large surface areas to accommodate the metal ions, and
we expected that the sizes of the tested metal ions would also
be relatively sufficient. Note that if the size of the metal ionsis
either too low or too high the adsorption will be poor. The
observed order of adsorption was possibly related to the
differencesin ionic radii.>*>3° Because the ionic radius of Pb?"
(1.19 A) is greater than those of Cu?™ (0.73 A) and Ni2* (0.69
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A), we would expect Pb?* to be adsorbed to a greater degree.
Our experimental observations suggest that the size and
concentration of metal ions and the surface area and pore size
of the adsorbents are all key factors that greatly affect the
adsorption phenomenon. This study suggests that the adsorption
capacity of the reported mesoporous materialsis higher relative
to that of commercially available PAC as shown in Table 2.

Conclusions

In this study, we examined the effects of various preparation
conditions on the properties of mesoporous materials without
functionalization. Among the obtained adsorbents, ZC-16
prepared at 100 °C for 24 h at pH 10 possessed both large
surface areas and pore sizes revealing that the experimental
conditions had a significant effect on the surface properties of
mesoporous materials. SEM images of the adsorbents obtained
under the various conditions clearly revealed their different
surface areas and pore size distributions. The FT-IR spectra of
the adsorbents provided strong evidence for the absence of the
organic template. The mesoporous material synthesized at 100
°Cfor 24 h at pH 10 was the most effective adsorbent, and this
synthesis was, therefore, considered to feature the optimal
preparation conditions. Among the three metal ions tested, we
found the mesoporus materials most effectively adsorbed Pb?*
ions. The degree of adsorption depended on surface area and
pore size of the adsorbents and the size and concentration of
metal ions in solution. The result of this study indicated that
the adsorbents used in this present study were better than that
of commercially available powdered activated carbon. This study
suggests that a cost-effective and viable technology for the
elimination of heavy metal ions from industrial wastewater can
be developed using simple hydrotherma methods.

Supporting Information Available:

Supplementary table (Table S1) and figures (Figure S1 to $4).
This material is available free of charge via the Internet at http:/
pubs.acs.org.
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