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Abstract

Ordered mesoporous silica with cubic structure, type FDU-1, was synthesized under strong acid media using B-50-6600 poly(ethylene
oxide)—poly(butilene oxide)—poly(ethylene oxide) triblock copolymer (EO39BO4;EQO39) and tetraethyl orthosilicate (TEOS). Humic acid
(HA) was modified to the synthesis process at a concentration of 1.5 mmol per gram of SiO,. Thermogravimetry, small angle X-ray dif-
fraction, nitrogen adsorption and high resolution transmission electron microscopy were used to characterize the samples. The pristine
FDU-1 and FDU-1 with incorporated 1.5 mmol of HA were tested for adsorption of Pb>", Cu?*" and Cd*" in aqueous solution. Incor-
poration of humic acid into the FDU-1 silica afforded an adsorbent with strong affinity for Cd*", Cu®>" and Pb>* from single ion solu-
tions. Adsorption of Cu?" was significantly enhanced after incorporation of humic acid, a fact that can be explained by the formation of
complexes with carboxylic and phenolic groups at low concentrations of the metal cation. The results demonstrated the potential appli-
cability of FDU-1 with incorporated HA in the removal of low concentrations of heavy metal cations from aqueous solution, such as
wastewaters, after usual precipitation of metal hydroxides in alkaline medium and proper pH conditioning in the range between 6 and 7.

© 2007 Elsevier Inc. All rights reserved.
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1. Introduction

Since the discovery of surfactant-templated synthesis of
ordered mesoporous materials (OMMs) [1-4], the research
on the preparation and characterization of these novel
nanostructured materials has been expanded very fast
[5-12].

Among OMMs with different framework compositions,
ordered mesoporous silicas (OMSs) are far the most inves-
tigated. Thousands of scientific papers were published
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within a little more than a decade dealing with synthesis,
characterization and application of these materials. OMSs
can be synthesized using a variety of procedures, including
cost-effective ones. They have attractive properties such as
high specific surface area, large mesopore volume, adjust-
able pore diameter, narrow pore size distribution, and
adjusted surface properties. Moreover, several types of
periodic porous structures are readily achievable for these
materials. OMSs are useful for numerous applications as
catalysts or catalyst supports, adsorbents, support for chro-
matographic packing, media for immobilization of biomol-
ecules, components of sensors and adsorbents [5-17].
Highly ordered cubic cage-like mesoporous silica, named
FDU-1, is synthesized from tetraethyl orthosilicate (TEOS)
in the presence of poly(ethylene oxide)-poly(butylene
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oxide)-poly(ethylene oxide) triblock copolymer (PEO-
PBO-PEO) in a strong acidic media [18,19]. FDU-1 has a
BET surface area of about 740 m* g~ !, a large pore size
(ca. 12 nm), pore volume of 0.8 cm® g~! and wall thickness
between 2.9 and 7.4 nm. Its exceptionally high thermal and
hydrothermal stability can be attributed to the combination
of its large wall thickness and the continuous 3-dimensional
nature of its thick wall backbone [20]. Matos et al. [21]
showed that FDU-1 is not a cubic Im3 m structure, as
reported earlier, but a cubic Fm3m structure with a 3-D
hexagonal intergrowth, similar to SBA-2 and SBA-12. It
was demonstrated that the temperature and time control
during the synthesis allow to gradually change the cage-like
pores of FDU-1 to a highly open and accessible porous
system with a narrow pore width distribution [18-21]. The
preparation process requires hydrothermal treatment,
which can be performed with a conventional microwave
oven [22].

The present work uses the FDU-1 modified with HA to
test the performance of the material as metal ion adsor-
bent. Humic substances (HS) are divided into three groups
according to their solubility: humic acid, which is soluble in
alkali and precipitate in acidic medium; fulvic acid, which
is soluble in acidic or basic media; and humin, which is
insoluble in the entire pH range [23]. Because of the high
content of carboxylic and phenolic groups, HS interact
strongly with pollutants such as heavy metals cations and
pesticides, influencing their mobility and bioavailability in
the environment [23]. In addition, they are able to form
aggregates with mineral particles, enhancing adsorption
or complexation of heavy metal ions [24]. Thus, the inves-
tigation of HS behavior in mineral phases has been widely
carried out [25], especially in terms of the removal of water
contaminants.

Lai et al. [26] demonstrated that a goethite-coated sand
removes Cd*" efficiently above pH 6, but at lower pH this
process was almost negligible. However, the modification
of this mineral phase with HA led to a significant increase
in the adsorption capacity even at pH close to 2.5. Incorpo-
ration of humic acid increased the heterogeneity of adsorp-
tion sites because of the presence of carboxylic, phenolic
and amine groups in its structure, increasing the adsorption
of metal ions by surface complexation mechanism, even at
low pH [26]. Moreover, the removal of Cd** was more effi-
cient by goethite-coated sand, which was initially modified
with HA, than that of the unmodified mineral exposed to a
solution containing HA-Cd>" complex ions. Liu and
Gonzales [27] studied the removal of Cu’", Pb*" and
Cd** by montmorillonite (MT) in the presence and absence
of humic acid (HA). This study showed that the presence of
bivalent heavy metal cations increases adsorption of HA.
Also, the presence of HA enhanced adsorption of these
metal ions on MT, forming metal bridges between MT
and HA.

Silva et al. [17] studied the synthesis of FDU-1 silica
modified with humic acid performed with a microwave
oven and its application for adsorption of Cd*" in aqueous

solution. This study showed that the incorporation of HA
in walls of FDU-1 silica conferred to the material an excel-
lent adsorption capacity for cadmium ions. In the present
work, the use of FDU-1 functionalized with humic acid
to adsorb other ions was checked against the pristine silica
mesoporous material.

2. Experimental
2.1. Humic acid preparation

Fifteen grams of sodium salt of HA from Aldrich were
dissolved in 100 mL of 0.1 M NaOH solution under N,
atmosphere. After 15 min the suspension was centrifuged
at 1000 rpm for 30 min and the supernatant phase was
acidified with 6 M HCI until pH 1.0. The suspension was
centrifuged and the precipitated HA was washed with
deionized water four times for the removal of salt excess.
Finally, the solid phase that consisted of HA was re-sus-
pended in 250 mL of deionized water. The HA concentra-
tion in this stock suspension was 28.0 + 0.6 g L~!, which
was determined gravimetrically by drying 1.00 mL ali-
quots. The ash content was (8.0 + 0.5)% and the elemental
composition of the dry HA was: (49.7£0.1)% C,
(4.3 +£0.1)% H and (0.65 £ 0.02)% N determined by using
the elemental analyzer 2400 instrument from Perkin Elmer.
To facilitate the handling of the HA suspension, and its
subsequent incorporation in FDU-1, the pH of a
25.00 mL aliquot was adjusted to 7.5 using 1.0 M NaHCO;
solution followed by its dilution to 50.00 mL, which gave
the final HA concentration of 14.0 g L'

2.2. FDU-1 and FDU-1/HA ;s synthesis

The synthesis of the FDU-1 samples was carried out
using the same synthesis gel composition as reported by
Yu et al. and Matos et al [18,19,21]: 1 TEOS: 0.00735
B50-6600: 6 HCI: 155 H,O, where TEOS stands for
tetraethylorthosilicate from Aldrich Chemical Company,
B50-6600 is a poly(ethylene oxide)-poly(butylene oxide)-
poly(ethylene oxide) triblock copolymer EO3;9BO4;EO5o
from Dow Chemicals. In the synthesis of FDU-1/HA s,
1.5 mmol of HA per gram of SiO, was used to obtain the
sample. The mole number of HA was computed from its
mean molar mass of 3000 Da, which was estimated from
gel permeation chromatography [28]. In a typical synthesis
procedure, 2 g of B50-6600 copolymer was dissolved in
120 g of 2 M HCI and stirred at room temperature until
a homogeneous mixture was obtained. Subsequently,
8.32 g of TEOS, 34.3 mL of 14 g L~! HA solution, respec-
tively, were added. The resulting mixture was vigorously
stirred in an open beaker for 24 h at room temperature.
The precipitation was observed in 30-40 min after the addi-
tion of TEOS and HA solution. The obtained mixture was
transferred into a Teflon vessel and heated under autoge-
nous pressure for 120 min at 100 °C using a microwave
oven. The microwave treatment was performed using
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Microsynth Labstation for microwave assisted synthesis
(Milestone Inc). Finally, the precipitate was filtered out,
washed with ethanol and dried at 25°C. The template
inside the as-synthesized samples was removed by soxhlet
extraction at boiling point for 12 h using ethanol to yield
FDU-1/HA ;s and FDU-1. The pure silica samples are
denoted as FDU-1, whereas the HA modified materials
are denoted as FDU-1/HA 5 (15 represents concentration
of HA in the synthesis gel, respectively, 1.5 mmol). The
samples were named “AS”, denoting the as-synthesized
state with copolymer (and HA) inside the pores and named
“EX”, after template extraction.

2.3. Thermogravimetry

TG/DTG curves were obtained with a thermobalance
model TGA 50 (Shimadzu) in the temperature range 25—
900 °C, using platinum crucibles with ~3 mg of samples,
under dynamic nitrogen atmosphere (50 mL min~') and
heating rate of 10 °C min~".

2.4. Small angle X-ray diffraction (SAXRD)

The SAXRD experiments were carried out in a rotating
anode X-ray generator (Rigaku), operating at 10 kW. The
wavelength of the copper monochromatic X-ray beam was
4=1.5418 A. An image plate detector was utilized to
record the scattering intensity as a function of the scatter-
ing vector, g = (4nsinf)/ A, 0 being half the scattering angle.
The intensity was recorded during 2 h. The line focus
geometry was used and the system was collimated by slits.
A vacuum path between the sample and the detector was
utilized. The scattering of the sample’s holder was sub-
tracted from the total measured intensities. The sample
detector distance (~480 mm) was chosen in order to record
the scattering for ¢ values ranging from 0.008 A7 to
0.35 A~'. The samples were placed inside a quartz tube, 2
mm in diameter.

2.5. Adsorption isotherms

Adsorption isotherms were measured with Micromeri-
tics ASAP 2010 volumetric adsorption analyzer using
nitrogen of 99.998% purity. Measurements were per-
formed in the range of relative pressure from 107° to
0.99 liquid nitrogen on the samples degassed for 2 h, under
vacuum of about 1073 Torr, at 110 °C. The degassing tem-
perature (110 °C) was selected to avoid the decomposition
of attached organic ligands and ensure thermodecomposi-
tion of physically adsorbed water. The specific surface area
was evaluated using BET method [29]. The total pore
volume was estimated from the amount adsorbed at the
relative pressure of 0.99. The pore size distribution
(PSD) was calculated using BJH algorithm [30], with the
relation between the capillary condensation pressure and
the pore diameter established by Kruk, Jaroniec and
Sayari (KJS) [31].

2.6. Structural and textural parameters obtained from
nitrogen adsorption and small angle X-ray diffraction
(SAXRD)

The pore diameter (W4) was calculated using a geomet-
rical equation proposed by Ravikovitch and Neimark [32]
for materials with fcc structure:

6e 1/3
a< me)
v

where a is the unit-cell parameter, v is the number of spher-
ical pores per unit cell (v =4 for the fcc structure) and &,
is the volume fraction of ordered mesoporous in the
structure:

e
e L+p(Vp+ V)

where p is the pore wall density, assumed to be equal to
2.2 gem >, which is typical of amorphous silicas frame-
works, V,, is the total primary mesopore volume and Vi,
is the micropore volume, both obtained from the N,
adsorption data. The average pore wall thickness b in the
fec structure is determined as:

o Wd(l — 8me)
 3eme

Wy =

b

2.7. Highly resolution transmission electron microscopy
(HRTEM )

For HRTEM observation, the samples were studied
using a JEM-3010 (Cs 0.6 mm, resolution 0.17 nm) at
300 kV. HRTEM images were recorded with a slow scan
CCD (Gatan 794). The FDU-1 samples were dispersed in
isopropyl alcohol and put onto a carbon film deposited
on a 400 mesh Cu grid.

2.8. Automated voltammetric measurements

Voltammetric measurements were carried out using an
EG&G PAR model 263A potentiostat. An EG&G PAR
model 303A Static Mercury Drop Electrode (SMDE) was
used as working electrode, filled with purified and doubly
distilled mercury. The flow cell adapted to the Hg capillary
was already described in the literature [23] and the Hg drop
radius used was 0.46 mm. The electrochemical cell was
completed with an Ag/AgCl reference electrode (KCl satu-
rated) and a platinum auxiliary electrode. Ultrapure N,
(O, <2 ppm) was used to remove dissolved O, from the
solutions and to provide an inert atmosphere inside the
cell.

A FIAlab 3500 (FIAlab Instruments, USA, Bellevue,
WA) instrument was used in all experiments in the sequen-
tial injection mode according to Fig. 1. Solutions were dri-
ven by a 5.00 mL syringe pump and an eight port rotary
valve, RV (Valco Instrument Co., Houston, TX). The
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Fig. 1. Sequential injection manifold to automate the square wave anodic stripping voltammetry determination of Cd*", Pb®>* and Cu*". C = carrier
(50 mmol L™! acetic acid—sodium acetate buffer with pH 4.7 in 0.20 mol L™ KCI); SV = syringe valve; SP = syringe pump; HC = holding coil (made of
3 m of PTFE tubing of 0.8 mm internal diameter); RV = eight port rotary selection valve; SD or S = standard or sample reservoir; ECFC = electro-
chemical flow cell (connection between ECFC and RV is made of 0.27 m of PTFE tubing of 0.5 mm i.d.); W = waste. More details about the ECFC are

given in Ref. [23].

holding coil, HC, was made of 3 m of 0.8 mm i.d. Teflon
(PolyTetraFluoroEthylene, PTFE) tubing. The tubing con-
necting RV to the flow cell was 10 cm long, made of
0.8 mm i.d. PTFE tubing. The mixing coil, MC, was made
of 25 cm of 2 mm i.d. polyethylene tubing. All other tubing
connections were made of 0.8 mm i.d. PTFE tubing and
PTFE nuts and ferrules (Upchurch, Oak Harbor, WA).
An auxiliary peristaltic pump (not shown in Fig. 1) was
used to continuously draw off the excess of solution inside
the glass three-electrode cell, as previously described [23].

All reagents were of analytical grade and the working
solutions were prepared in deionized water (Simplicity
185 system from Millipore coupled to an UV lamp). Stock
1000 mg L™! standard solutions of Cu(Il), Cd(II) and
Pb(II) were bought from Carlo Erba and properly diluted
with deionized water.

2.9. Copper, lead and cadmium adsorption measurements

A mass of 1.00 g of FDU-1 or FDU-1/HA 5 suspension
was dispersed in approximately 50 mL of deionized water.
The pH was adjusted to 6.0+ 0.1 with 0.050 mol L'
NaOH solution and 5.00 mL of 0.1 mol L™" 2-[N-morpho-
line]-ethanesulfonic acid (MES, pK, 6.15) with pH 6.0,was
added, being the volume adjusted to 100.0 mL with deion-
ized water. Afterward, 2.50 mL aliquots of the buffered
homogenized suspension were transferred to polypropylene
centrifuge tubes with capacity of 15 mL. The final volume
was adjusted to 5.00 mL with increasing volumes of
100 pmol L™! stock solution of the individual studied cat-
ion and enough volume of deionized water, in order to
obtain the metal cation concentrations: 5.0, 7.5, 10, 20,
30, 40 and 50 pmol L™". In all tubes the sorbent concentra-

tion in the suspensions was 10.0 gL~! in presence of
2.5mmol L™! of the MES buffer.

In another set of experiments a similar procedure was
used, but with the stock solution containing a mixture of
the three metal cations, each one at the concentration of
100 pmol L™, A blank experiment was carried out in par-
allel for each sample. All tubes were closed and maintained
under gentle shaking for 24 h. After this time the pH was
adjusted to 6.0 + 0.1, if necessary. The tubes were centri-
fuged at 2600g for 15 min, and the supernatant solutions
were stored for further determination of the free concentra-
tions of the metal cations. The voltammetric determination
was made with the sample solutions conditioned in
50 mmol L™! acetic acid—sodium acetate buffer adjusted
to pH 4.7 and 0.20 mol L~! KCl as supporting electrolyte.

2.10. SIA procedure

The SIA operations are based on the scheme shown in
Fig. 1. Initially, the HC and the electrochemical cell
(Fig. 1) were filled with the carrier solution (C)
(50 mmol L™" acetic acid-sodium acetate buffer with pH
4.7 in 0.20 mol L' KCI). The tubing connecting the port
1 of RV was filled with standard (SD) or sample (S) solu-
tions (SD or S). All the solutions used in the SIA system
and in the electrochemical cell were previously de-aerated
with ultra-pure N, to remove dissolved O,. The potentio-
stat and the SIA programs were started simultaneously
[33,34], but the potentiostat is programmed with a delay
time of 22s before applying the deposition potential
(—0.8 V). During this time, with the syringe valve (SV) at
position “OUT” (Fig. 1), the syringe pump aspirated
400 pL of C inside the syringe at a flow rate of 300 pLs™'.
Next, with SV at position “IN”, 100 puL of air and 800 pL
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of standard/sample solution were sequentially aspirated to
HC at 50 uL s~! from ports 8 and 1 of RV, respectively.
Then, RV switched to port 3 and the syringe pump (SP)
dispensed 700 pL of standard/sample toward the flow cell
at 10 pL s, while the potentiostat held the potential con-
stant at —0.8 V for 80 s to perform the reduction (and con-
centration) of the metal cations in the Hg drop. The excess
of sample/standard solution and the air bubble were
expelled from HC dispensing 300 uL. through port 6 of
RV at a flow rate of 200 uL s'. Finally, RV switched back
to port 3 and SP emptied the syringe at 100 pL s~ per-
forming the medium exchange so that the stripping step
could be made in presence of the 50 mmol L~! acetic
acid-sodium acetate buffer in 0.20 mol L~! KCI. The strip-
ping step was made by the square wave mode of potential
application and current reading, using a frequency of
100 Hz and pulse height of 25 mV. The calibration curves
were constructed with standards of the metal cations at
the concentrations 0, 0.25, 0.50, 1.0, 2.5, 5.0 and
10 pmol L™'. The standard and sample solutions were pre-
pared in 50 mmol L™! acetic acid-sodium acetate buffer
(pH 4.7) in 0.20 mol L~! KCI.

2.11. Data treatment

Adsorption data were treated by the linearized Freund-
lich equation:

log(g) = log K¢ + (%) log[M?*"]

where ¢ is the concentration of the studied compound in
the solid phase (umol g~ '), [M?*]is the solution concentra-
tion (umol L) after a given contact time (24 h in the pres-
ent study), and K; and 1/n are empirical constants related
to adsorption.

3. Results and discussion

The TG/DTG curves of the samples are shown in the
Fig. 2a—e and Am, temperature range and 7Tpeak DTG
curves are presented in the Table 1. The TG/DTG curves
[Fig. 2a] indicated that the thermal composition process

Table 1
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Fig. 2. TG curves for as-synthesized FDU-1 and FDU-1/ HA 5 samples.

of FDU-1AS sample occurred in four mass loss steps
(Table 1). The first step is due to the release of physically
adsorbed water, the second and third steps correspond to
template elimination and fourth mass loss is due to dehy-
droxilation step (transformation of silanols groups to silox-
anes). For FDU-1EX sample, TG/DTG curves (Fig. 2b)
indicate that the thermal decomposition process of tem-
plate occur in only one mass loss step because the amount
of template in this sample is smaller due to liberation of the
larger part during the extraction process by solvent. The
physically adsorbed water elimination and dehydroxilation
steps were similar observed them for FDU-1AS sample. In
the case of FDU-1/HA15AS sample the TG/DTG curves
(Fig. 2¢) evidence five mass losses steps (Table 1) and
Am?2, Am3 and Am4 values correspond to thermal decom-
position of template and humic acid modified in the mate-
rial. The Am1 and AmS5 corresponding to, respectively, the
physically adsorbed water elimination and dehydroxilation
steps. For FDU-1/HAI15EX sample TG/DTG curves
(Fig. 2d) evidence two mass losses steps for thermal decom-
position of template and humic acid (Am2 and Am3)
because the amount of template in this sample is smaller
due to liberation of the larger part during the extraction
process. The steps of physically adsorbed water elimination

TG/DTG data for FDU-1 calcined, as-synthesized /extracted FDU-1 and FDU-1/HA 5 samples

Samples H,0 Thermal decomposition of template/Humic acid and dehydroxilation
Amy (%) T, (°C)  Amy, (%) T, (°C)  Ams (%) T, (°C)  Amy (%) T, (°C)  Ams (%) T, (°C)
[TR (°C)] [TR (°C)] [TR (°C)] [TR (°C)] [TR (°C)]
FDU-1 AS 10.7 [26 — 162] 51 14.4 [162 - 217] 201 15.0 [218 — 601] 231 0.7 [601 — 885] 874 - -
FDU-1 EX 10.5[29 - 170] 77 8.3 [170 —540] 247 1.5 [540 — 890] 562 - - - -
FDU-1/ 8.3[25-166] 60 25.3[166 —297] 279 6.4 [297 — 354] 302 7.1[354-599] 578 1.7 [599 — 900] 807
HAI1S5AS
FDU-1/ 10.4 26 — 178] 64 12.6 [178 — 327] 269 5.8 [328 — 647] 398 1.1[647 - 883] 674 - -
HAISEX
FDU-1 calcined 17.2[25-178] 74 441178 - 875] 578 - - - - - -

T,

- peak temperature of DTG curve; TR, temperature range of TG event.
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and dehydroxilation were similar observed them for FDU-
1HA15AS sample. The comparison between DTG curves
(inserted in Fig. 2) of the four samples, it evidences clearly
that thermal decomposition process of template with humic
acid occurs in temperatures larger, according to indicated
by temperature peak of the DTG curves (Tpeak DTG).
The TG/DTG curves of FDU-1 calcined sample (Fig. 2e)
present only two mass losses. The first step is due to the
release of physically adsorbed water and second mass loss
is corresponding to dehydroxilation step. The solvent
extraction process is not as efficient as calcinations, in
removing templating but it is useful when the as-synthe-
sized mesoporous materials have a organic-inorganic
hybrid composite [35] as in the case of ordered mesoporous
silica modified with HA (FDU-1/HA s AS). In this case,
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Fig. 3. Small angle X-ray diffraction (SAXRD) patterns for FDU-1AS
and FDU-1EX.
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Fig. 4. Small angle X-ray diffraction (SAXRD) patterns for FDU-1/
HA5AS and FDU-1/HA sEX.
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thermogravimetric data showed that solvent extraction
process had only partial efficiency, recovering only of
74.3% for FDU-1 EX and 49.1% for FDU-1/HA s EX
samples.

Small angle X-ray diffraction patterns (SAXRD) for
FDU-1AS, FDU-1EX are shown in Fig. 3 and FDU-1/
HAsAS, FDU-1/HAsEX are shown in Fig. 4. The SAX-
RD data of the FDU-1 and FDU-1/HA15 samples showed
reflections that are indexed as (111), (220) and (311) of
the face-centered diamond cubic (fcc) structure. SAXRD
patterns of these samples were quite similar to the ones
reported earlier for FDU-1, synthesized by hydrothermal
treatment with conventional heating [21] and microwave
oven [22].

Wide angle X-ray diffraction data of our samples (not
shown) confirmed the amorphous nature of silica walls,
usually found in ordered mesoporous materials [21].

The SAXRD results show that the copolymer extraction
with solvent does not induce a shrinkage of the structure as
observed in usual calcination processes [1,2,14,15], there-
fore, it is a more adequate process for template removal.

The small angle diffracted intensity of the silica with
copolymer and HA inside the pores is lower due to the
presence of material inside the pores. The extraction of
polymer (and HA) from the inner part of the pores
increases the electronic contrast between the silica walls
and the open space of the ordered pores, thus, increasing
the diffracted intensity. But the intensity of FDU-1/
HA |5sEX is practically half the intensity of pristine FDU-
1 EX (see intensity axis), evidencing the presence of matter
around the pore walls, even after the solvent extraction
process. This compound can be associated to HA, as sup-
ported by TG/DTG analysis.

Nitrogen adsorption isotherms of the extracted FDU-1
silica and the FDU-1/HA;sEX sample are shown in
Fig. 5a and b. Both samples exhibited a high degree of

structural ordering, as inferred from the steepness of the
capillary condensation step on the adsorption isotherms.
FDU-1 exhibited a high BET specific surface area of
515m? g, a total pore volume of 0.56cm’g~! and
FDU-1/HA,5 exhibited a BET specific surface area of
457m>g', a total pore volume of 0.79 cm®g™!; their
adsorption capacity and the position of the capillary con-
densation step were similar to those commonly observed
for FDU-1 EX and FDU-1/HAsEX [16]. The steep capil-
lary condensation steps at relative pressure of approxi-
mately 0.8 indicate uniformity of pore sizes. A
comparison between FDU-1 EX and FDU-I/HAlSEX
data shows that HA improves the materials properties,
since the adsorption capacity, pore volume and pore wall
thickness increase. The observed broad hysteresis loop,
which closes at a relative pressure of approximately 0.45,
is characteristic of cage-like mesoporous materials such
as FDU-1 silica, having a large difference between porés
diameter and their entrances [18-22]. Nitrogen adsorption
isotherms for the FDU-1 and FDU-1/HA |5 as-synthesized
and extracted are shown in Fig. 5, whereas selected
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Fig. 5. Nitrogen adsorption isotherms at 77 K (a) and the corresponding
pore size distributions (b) for the extracted FDU-1 and FDU-1/HA s
samples.

structural parameters are listed in Table 2. In addition,
FDU-1/HAsEX was studied by high resolution transmis-
sion electron microscopy (HRTEM). The HRTEM micro-
graph in Fig. 6 reveals that the FDU-1/HA15EX possesses
a high symmetric cubic mesoporous arrangement.

Fig. 7 shows the adsorption percentages as a function of
the initial metal cation concentrations on both FDU-1EX
(Fig 7a) and FDU-1/HA sEX (Fig 7b). In the FDU-1EX
the adsorption order is Pb*" > Cu®" > Cd*" for the low
initial concentrations (5 and 10 pmol L™'), but changed
to Pb*" > Cd*" > Cu®*" for concentrations higher than
10 umol L', The adsorption isotherms of Cd*" and
Cu?" did not fit to Langmuir or Freundlich equations, con-
trary to Pb>", for which a typical L-type adsorption curve
was obtained for the single and mixed cations solutions
(Fig. 8). The Freundlich parameters for Pb®* adsorption
were Ki=2340.1 pmoll‘l/” L g ! and 1/
n=0.59+0.01 (r* = 0.998).

At pH 6.0 the silanols are partially deprotonated, gener-
ating negatively charged SiO™~ groups that can interact with

Fig. 6. Transmition electron microscopy image of FDU-1/HA;sEX
sample.

the metal cations by electrostatic attractions, explaining the
adsorption percentages observed in Fig. 7a. The affinity of
the silanol by Pb*" is greater than for Cu®" and Cd*", a
fact that may be explained by its greater ionic radius and
smaller Z/R (charge/radius) ratio. As a consequence,
Pb>" creates a smaller electric field and will be less likely
to remain solvated in face to competition for complexation
with the silanols. Also in comparison to Cd** and Cu®",
the larger radius of Pb?" implies in larger spread of elec-
tron configuration in space and greater tendency to polar-
ize in response to the electric field of the negative charges of
the deprotonated silanols, increasing the tendency to form
complexes. Additionally, the contribution of hydrolytic
species such as M(OH)" is greater for Pb®" than for
Cu?" and Cd?*, a fact that can also explain the higher
adsorption percentages of Pb>", because hydrolytic species
are easier to dessolvate than the free metal cations [36,37].
These properties of Pb>" explain its preferential adsorption
and the small influence of competition in solutions contain-
ing the three metal cations. This is also supported by the
Freundlich parameters for adsorption of Pb*" onto
FDU-1EX in presence of Cd*" and Cu”*", which were
Ke=19+0.1pmol' " LY"g™1 and 1/n=0.52+0.05
(r* =0.98), and did not differ significantly from the ones
obtained in absence of competition. The competition effect
is strong for Cu®", especially at the highest concentration
of 50 pmol L™ of metal cations (Fig. 7a), a situation in
which only about 22% of the initial Cu®" was adsorbed
on FDU-1EX.

Adsorption on FDU-1/HAsEX was significantly
enhanced in comparison to FDU-1EX (Fig. 7b), especially
for Cu®*. For the solutions containing only one heavy
metal cation, the free concentration was smaller than that
of the detection limit for Pb*" and Cu®" (0.09 and
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Fig. 7. Removal percentages of Cd*", Pb>" and Cu®" by adsorption on
(a) FDU-1EX and (b) FDU-1/HAsEX. The results are mean of two
adsorption experiments.

0.16 pmol L™, respectively) up to the initial concentration
of 10 umol L™, implying in adsorption percentages greater
than 99.1 % for Pb>" and 98.4% for Cu*". For Cd*", the
free cation concentration was smaller than that of the
detection limit (0.06 pmol L™') for the two first points of
the adsorption isotherm, allowing one to estimate adsorp-
tion percentages greater than 99.4% for initial concentra-
tions <7.5 pmol L

The adsorption curves of metal ions on FDU-1/
HAsEX indicate a strong interaction between adsorbent
and adsorbate (Figs. 8a and b). The experiments made with
the three metal cations mixed in solution evidenced the
competition for the adsorption sites between Cu®' and
Pb>" only at initial concentrations of 40 and 50 umol L'
(Fig. 7b). Cadmium ions, on the other hand, are strongly
affected by competition with the other two cations, and
the removal percentages dropped markedly even for initial
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Fig. 8. Adsorption isotherms (25 + 1) C of (a) Cu®*, (b) Pb>" and (c)
Cd*" on FDU-1EX and FDU-1/HA, sEX materials. Initial concentrations
of the metal cations were between 5.0 and 50 pmol L™!. The results are
mean of two adsorption experiments.
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Table 2

Structural and textural properties of FDU-1 and FDU-1/HA 5 Samples

Sample Sper (m® g™") Vo (em® g7 Vu (em® g7') Vi (em® g7') w (nm) iy (nm) a (nm) b (nm)
FDU-1 EX 515 0.56 0.47 0.09 10.0 13.9 24.1 5.3
FDU-1/HA s EX 457 0.79 0.76 0.03 10.0 13.6 23.6 6.9

SgeT, BET specific surface area; V},,, total pore volume; ¥y, total mesopore volume; V74, total micropore volume; w, primary mesopore diameter; dini);

lattice parameter ; @, unit-cell parameters; b, average pore wall thickness.

Table 3
Mean (+ standard errors) Freundlich K (umoll’l/" LY g1y and 1/n
parameters for adsorption of Cd>*, Pb>" and Cu®*" onto FDU-1/HA sEX

Adsorbate K¢ 1/n r

Ccd** 6.9+0.3 0.35 4 0.03 0.98
Pb>* 2545 0.740.1 0.98
Cu** 1294 0.6 0.29 4+ 0.1 0.99
Cd*" (mixed cations) 2.7+0.1 0.20 £ 0.02 0.98
Pb*" (mixed cations) 74+0.7 0.32 £0.03 0.98
Cu*" (mixed cations) 6.7+0.3 0.18 £ 0.01 0.99

concentrations as low as 7.5pumolL~' (Fig. 7b and
Fig. 8c).

The significant enhancement of adsorption of the metal
cations on FDU-1/HAsEX suggests a change in the
adsorption mechanism in comparison to FDU-1 EX. The
complexation with carboxylic and phenolic groups of
the humic substance adsorbed to the silica is probably
the major mechanism governing the adsorption of low con-
centrations of the metal cations on the FDU-1/HAsEX
material. This change of adsorption mechanism is espe-
cially important for Cu?", which among the studied cations
is the one that forms the most stable complexes with humic
substances [28,38]. Complexation of Cd** by humic sub-
stances is the weakest among the studied cations, and the
enhancement of its adsorption on FDU-1/HAsEX in
single cation solution is almost completely lost in the exper-
iment made in presence of Cu?* and Pb*" (Fig. 7). Adsorp-
tion percentages and K; parameters (Table 3) show that
the adsorption capacity order on FDU-1/HAsEX is
Pb>" =~ Cu®" > Cd?*. The 1/n <1 Freundlich parameters
also corroborate with chemisorption mechanism involving
inner sphere surface complexes between humic substance
groups and the metal cations, as well as with the high het-
erogeneity of adsorption sites. In these cases, a small num-
ber of adsorption sites with strong affinity by the metal
cations govern adsorption at low degree of site occupation,
but as the metal cation concentrations increase, these sites
become saturated, and the silanols groups then govern the
adsorption.

4. Conclusion

The TG/DTG data show that the incorporation of HA
(FDU-1/HA 5) in silica wall structure increases the temper-
ature of thermal decomposition of the template, which
occurred at higher temperature than that in FDU-1. The
SAXRD patterns show that the FDU-1 and FDU-1/

HA 5 samples present Fm3m diamond face-centered cubic
(fce) structure and indicate that the incorporation of HA is
inside the pores. Nitrogen adsorption isotherms showed
that structural properties of FDU-1 EX and FDU-1/
HAsEX led to a substantial improvement of the BET spe-
cific surface area, total pore volume and wall thickness.
Incorporation of humic acid into the mesopores of FDU-
1 material afforded an adsorbent with strong affinity for
Cd**, Cu®" and Pb*" from single ion solutions. On the
other hand, in mixed cation solutions, competition by the
adsorption sites is likely to occur and, in this situation,
the adsorption preference is for Pb>" and Cu®*. Adsorp-
tion of Cu®* was significantly enhanced after incorporation
of humic acid, a fact that can be explained by formation of
complexes with carboxylic and phenolic groups at low con-
centrations of the metal cation. FDU-1/HAsEX has
potential applicability in the removal of low concentrations
of heavy metal cations from aqueous solution, such as
wastewaters, after usual precipitation of metal hydroxides
in alkaline medium and proper pH conditioning in the
range between 6 and 7. Higher pH values would imply in
chemical attack to silica structures and desorption of
humic acid.
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