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Abstract

The functionalized mesoporous’ potential ability of binding heavy metals using different templates,

namely cetyltrimethylammonium (CTAB) (adsorbent A) and triblock copolymer (Pluronic P123,
EO20PO70EO020, Mav = 5800) (adsorbent B), was evaluated. The synthesized materials were characterized
by powder X-ray diffraction (XRD), nitrogen gas sorption, FT-IR and solid-state “C and *Si NMR spec-

troscopy and thermogravimetry (TGA) measurements. In the adsorption experiment, the effects of several

variables (stirring time, pH and presence of other metals in the medium) were studied. On the basis of these

results, it was observed that the adsorption capacities were higher for adsorbent B than adsorbent A. The results

also confirmed that the ureido group (CO-NH,) has a good affect of binding metal ion.
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Introduction

With the development of industrial production, large
quantities of heavy metals have been released into the nat-
ural environment. Heavy metals are mostly toxic, even at
very low concentrations. For example, copper is a trace ele-
ment essential to life, the total copper of the normal human
body is about 100-150 mg. Excessive intake of copper is
toxic to humans. The harmful effects include a number of
disorders, such as making active protein in the body invalid,
causing itching, and skin inflammation. In order to remove
heavy metal from aqueous solutions, an encouraging
branch of techniques have evolved in recent years involv-
ing the synthesis of designed materials [1-4].

Many chemical and biological treatments have been
applied in the removal of heavy metal from waters [5-11].
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Mesoporous materials functionalized with various organic
groups are among the most popular methods used to control
such pollutants [12-15].

The preparation of mesostructured silicas since 1992
[16] has opened a wide field of applications [17-19]. Main
research interests have focused on the use of non-ionic sur-
factants or ionic liquids for synthesis [20, 21], the charac-
terization of materials by advanced techniques [22, 23], and
potential applications of new materials in adsorption or
catalysis [24-26]. Functionalization of these materials has
gained recognition as the most exceptional adsorbents for
heavy metal [27-32]. The incorporation of functionalities
can be achieved by:

(a) “Two-step” procedure: grafting the organic component
onto a pure silica matrix (namely post-synthesis treat-
ment),

(b) “One-step” procedure: co-condensation of inorganic
silica species with a silylating organic compound, and
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(c) using bisilylating organic precursors that lead to meso-
porous organo silicas.

The three methods have different advantages and disad-
vantages. Post-synthesis has the advantage of easily leading
to the morphology destruction and the disadvantage of a
low ratio of modified functional groups. Meanwhile, co-
condensation, as we know, has a uniform distribution of
functional groups inside the mesopore channels with a
shortage of smaller pore size [33-34]. Using bisilylating
organic precursors is rarely reported.

The mesoporous materials bearing such groups as thiol
[35-37] and amino [38-40] often have been reported.
However, reports about ureido-modified mesoporous mate-
rials are scarce. Moreover, few reports have compared the
ability of different templates the synthesize mesoporous
binding ureido as adsorbents.

In this paper, rarely used A-1160 ((C,H;0);SiC;H,NHCONH,,
Mav=222.4, bearing ureido) as a binding group modified
by mesoporous adsorbents were fabricated and the adsorp-
tion character of different adsorbents binding ureido using
various structure-directing agents (P123 and CTAB) were
compared [41].

Experimental Procedures
Synthesis of Adsorbent A

The synthesis of adsorbent A was carried out according
to [34] using cetyltrimethylammonium (CTAB) and tetram-
ethylammonium hydroxide (TMAOH) as hybrid surfactant
templates, and tetraethyl orthosilicate (TEOS, 98%,
MAV=208.33) as the silica source. The typical synthesis
process is as follows: 2.19 g CTAB was dissolved in 40 g
dry ethanol at room temperature and stirred for 2 h. In the
meantime, 2.22 g A-1160, 3.6 g TMAOH and 20 g dry
ethanol were mixed and also stirred for 2 h. Then 6.6 g
TEOS was slowly added into the mixed solution of the
above two to obtain a gel (the molar composition of the
mixture was 0.25 A-1160: 1TEOS: 0.188 CTAB: 0.309
TMAOH: 40.76 ethanol). After 1 h stirring, the result was
transferred into a Petri dish for solvent evaporation. The
product slurry was transferred inside a polypropylene bot-
tle at 90°C for 3 d under static conditions. After filtration, it
was then submitted to a continuous reflux run overnight in
ethanol/HCI at 70°C to extract the surfactant templates.
Then it was filtered, stirred with 1 mol/L NaHCO, solution
for 24h and washed with deionized water for neutralization.
Finally, it was dried under vacuum.

Preparation of Adsorbent B

Preparation of adsorbent using a triblock copolymer
(Pluronic P123, EO20PO70EO20, Mav = 5800) was sim-
ilar to that used in synthesis of adsorbent A with CTAB,
except that 4 g P123 replaced 2.19 g CTAB, 0.4 g HCI and
3.6 g H,O replaced 3.6 g TMAOH.

Metal Ion Adsorption on the Functionalized
Mesoporous Silica

Metal nitrates (analytical grade) were dissolved in
deionized water in order to prepare the initial metal ion
solution with different concentrations (1, 2, 10 mmol/l,
respectively). In a typical run, approximately 50 mg of each
mesoporous silica A, B, and 10 ml metal ion solution were
placed in stoppered vials and subject to ultrasound for 25
min. at room temperature.

Effect of the pH

Metal nitrates (analytical grade) were dissolved in
deionized water with a concentration of 1 mmol/l. The solu-
tion was adjusted to desired pH levels ranging from 2 to 7.
10 ml of above solutions and approximately 50 mg adsor-
bent B were placed in stoppered vials and subject to ultra-
sound for 25 min. at room temperature. The resulting solu-
tion was separated by a 0.45 pm Uniflo filter and the filtrate
was analyzed using ICP/OES spectroscopy.

Metal Ton Competitive Adsorption

Ion competitive adsorption studies were performed by
treating 10 mL of a mixed metal solution containing
equimolar amounts (I mmol/ L of Cu* + Co™, Cu* +Ni**
and Cu*" + Zn”" ions) with 50 mg of adsorbent B for 25 min.
sonicating, at room temperature. The resulting solution was
separated by a 0.45 pm Uniflo filter and the filtrate was ana-
lyzed using ICP/OES spectroscopy.

Results and Discussion
Solid-State NMR Spectra

The successful grafting of the functional groups on
mesoporous MCM-41 can be proven by the solid-state
NMR spectra.

Fig. 1 depicts the "C CP-MAS NMR spectra of MCM-
41 with ureido using CTAB and P123 as directing agent,
respectively ((a) and (b)). The "C CP-MAS NMR spectrum
of ureido-grafted MCM-41 using CTAB as agent shows 7
peaks at chemical shifts at 9 ppm, 15 ppm, 23 ppm, 33
ppm, 43 ppm, 57 ppm, and 161 ppm. The three carbon
atoms related to the ligand ring, numbered 3, 4, and 5, give
signals at 9 ppm, 15 ppm, and 33 ppm, respectively. The
signal due to methylene 2 of the ethoxy group appears at 57
ppm and the signal of the methyl group at 23 ppm. The aro-
matic carbon labeled 6 is assigned to the signal at 161 ppm.
Finally, the signal due to the methyl in the heterocycle num-
bered 7 appears at 43 ppm. These results provide evidence
that the preparation of the new material was successful.

The solid-state Si MAS-NMR spectra for both ((a)
and (b)) confirm the covalent bond formed between the
silylating and the silanol groups dispersed on the MCM-41
surface (Fig. 2). Unmodified groups show two main peaks
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at -110 and 102 ppm, and these are assigned to Q4 and Q3
silanol sites, respectively [27,44]. Both of the figures show
Q4 and Q3. In addition, two new peaks appear at -55 and
-62 ppm, which are assigned to T2 ((SiO),SiOH-R) and T3

((S10),Si-R sites, respectively.
FT-IR

The adsorbents were characterized by FTIR to ascertain
the modification of ureido. The FTIR patterns present loca-
tions and appearances similar to the major bands in Fig. 3.
The features around 1,074 cm™ and 959 cm™ indicate Si-O-
Si and Si-O-H stretching vibrations, respectively. The
bands around 789 cm™ and 457 cm™ result from Si-O-Si
vibrations. The spectra of samples show characteristic
bands for methane-stretching vibrations around 3,000-
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Fig. 1. Solid-state *C CP-MAS NMR spectra of adsorbent (A)
and adsorbent (B).
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Fig. 2. Solid-state ¥Si MAS-NMR of adsorbent (A) and adsor-
bent (B).

2,800 cm™. There is also strong evidence for successful
grafting of functional groups [42].

Thermogravimetry
An important aspect of the prepared materials is their

thermal stability. Thermogravimetric analyses of meso-
porous materials were performed under nitrogen atmosphere
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Fig. 4. Thermogravimetric analysis of adsorbent (A) and adsor-

bent (B).
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Table 1. Physical parameters of mesoporous material (adsorbent A and adsorbent B) measured by N, adsorption-desorption isotherms.

Sample BET surface area (m*/g) Total pore volume (cm’/g) Pore diameter (BJH) (nm)
Adsorbent A 546.1 0.79 429
Adsorbent B 347 0.68 7.90

from room temperature to 800°C at a rate of 10°C/min to
test the thermal stability of the samples (Fig. 4). The weight
of the samples was studied as a function of temperature.
The profiles indicate that both of the samples show a small
loss in mass (4.3%) between room temperature and 100°C
due to the loss of physically adsorbed water (endothermic
process). A second decrease in mass of 0.6% (between 600
and 800°C) is attributed to the increase in the number of
siloxane bridges (Si-O-Si) due to isolated silanol condensa-
tion (exothermic process). The TGA curves of the modified
material (A and B) show that a degradation process occurs
between 310 and 500°C and that weight loss is about 15%.
This is due to the breakdown of pendant groups anchored
on the silica surface (exothermic process). The thermal sta-
bility of these samples is in agreement with previous results
given in the literature [43].

X-Ray Diffraction (XRD) Tests

The XRD patterns for mesoporous silica are shown in
Fig. 5. The decrease of the (100) XRD diffraction peak
showed that the attachment of organic functional groups in
the mesopore channels tends to reduce the scattering power
of the mesoporous silicate wall. The XRD pattern of the
functionalized adsorbents also suggests that the structural
order of the synthesized material is maintained after func-
tionalization [44].

Nitrogen Adsorption Tests

The nitrogen adsorption-desorption isotherms for meso-
porous silicas are shown in Fig. 6. For adsorbent A and
adsorbent B, the isotherms are type IV according to the
LLU.PA.C. classification and have an HI hysteresis loop
that is representative of mesopores. The volume of nitrogen
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Fig. 5. XRD pattern of adsorbents B and A.

adsorbed in the MCM-41 isotherm increased sharply,
which represents capillary condensation of nitrogen within
the uniform mesopore structure.

Table 1 shows the physical parameters, such the BET
surface area (SBET), total pore volume and BJH average
pore diameter for mesoporous and amorphous silicas. As
expected, the SBET for adsorbent A is higher (546.1 m¥/g)
than for adsorbent B (347 m*/g), whereas the BJH average
pore diameter is lower (4.29 nm and 7.90 nm, respectively).
In addition, the pore size distribution is narrower in adsorbent
A than that in adsorbent B, providing evidence for the uni-
form framework mesoporosity of the adsorbent A (Fig. 7).
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Fig. 6. Nitrogen adsorption—desorption isotherms of adsorbent
A and B.
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Fig. 7. Pore size distribution of adsorbent A and adsorbent B.
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Table 2. Cu** adsorption on two adsorbents.
Cu** (mmol/l)
Adsorbent Removal (%) Q (mmol/g) Kd (ml/g)
Co Ce
A 1 0.011 98.87 0.1977 17,474.54
B 1 0.003 99.68 0.1994 62,300
A 2 0.085 95.77 0.3831 4,529.44
B 2 0.076 96.2 0.3848 5,063.16
A 10 6.256 37.44 0.7488 119.70
B 10 4.759 5241 1.0482 220.24
Table 3. Zn** adsorption on two adsorbents.
Zn*' (mmol/l)
Adsorbent Removal (%) Q (mmol/g) Kd (ml/g)
Co Ce
A 1 0.084 91.61 0.1832 2,184.83
B 1 0.013 98.66 0.1973 14,709.92
A 2 0.108 94.59 0.3784 3,499.01
B 2 0.090 95.51 0.3820 4,250.65
A 10 4.94 50.60 1.0119 204.83
B 10 4.12 58.84 1.1768 285.92
Table 4. Ni** asorption on two adsorbents.
Ni** (mmol/l)
Adsorbent Removal (%) Q (mmol/g) Kd (ml/g)
Co Ce
A 1 0.023 97.73 0.1955 8,612.31
B 1 0.012 98.77 0.1975 16,125.45
A 2 0.151 92.46 0.3698 2,452.96
B 2 0.092 95.42 0.3817 4,168.44
A 10 6.773 3227 0.6454 95.30
B 10 5.067 49.33 0.9865 194.69

Metal Ion Adsorption on the Functionalized
Mesoporous Material

The amount of metal ion on the functionalized meso-
porous material can be calculated using the following equa-
tions:

v

Q—(CO—CE)XW (1
_loeg

Kd == ©)

e

..where Q is the amount of metal ion on the adsorbents
(mmol/g), Kd is the distribution ratio of the metal (ml/g),

V is the volume of the aqueous solution (1), ¥ is the weight
of the adsorbent (g), C, (mmol/L) and C, (mmol/L) are the
initial and equilibrium concentrations of the given ion in
solution.

As shown in Tables 2-5, the adsorption capacities were
higher for adsorbent B than adsorbent A. Also, these results
confirmed that the ureido has a good affect of binding metal
ions.

The adsorption ability of different materials such as rice
husk was also compared to the mesoporous silica [45-47].
The results were shown in Table 6. It can be seen from the
tables that the adsorption of mesoporous materials is better
than rice husk, montmorillonite, and bentonite. Because of
restrictions of the SBET and pore diameter, the adsorption
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Table 5. Co** asorption on two adsorbents.

Co*" (mmol/l)
Adsorbent Removal (%) Q (mmol/g) Kd (ml/g)
Co Ce
A 1 0.014 98.65 0.1973 14,607.34
B 1 0.002 99.75 0.1995 79,992.46
A 2 0.151 92.46 0.3698 2,452.96
B 2 0.011 99.47 0.3979 37,761.47
A 10 6.431 35.69 0.7138 110.99
B 10 5.067 49.33 0.9865 194.69
ability is not as good as the industrialized chelated resin. KdCu>
However, as a new functional material, it has an extensive ki = 7 3)
X

application prospect.
Effect of pH

Since efficiency of the adsorption process is strongly
dependent on pH, which affects the existing state of metal
ions as well as the surface charge of the ureido functional-
ization sorbent, experiments on Cu*" were performed. The
effect of pH value on Cu* uptake was studied and the
results were shown in Fig. 8. The results clearly show that
the removal rate of Cu** was significantly enhanced from
pH 2 to 7, and that the optimum pH for metal removal was
5. The initial concentration of Cu** was 1 mmol/l.

Metal Ion Competitive Adsorption

The divalent Zn*, Ni** and Co* were selected as
adsorptive competing ions with Cu** because those cations
are divalent and have similar ionic radii.

The competitive adsorption of Cu*, Ni*, Co*" and Zn*'
ions on MCM-41-CTAB and MCM-41-P123 materials are
calculated according to Eq. (3) [48]:

110

60

Removal (%)

50 4
40

304
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Fig. 8. Removal of Cu (II) as a function of pH (initial Cu(Il)
concentration is 1 mmol/l, temperature 25°C).

...where ki represents the ratio of the value of Kd of Cu* to
Kd of x (Cd*, Ni*, Co*) in mixed solutions. Table 6 sum-
marizes the values for the distribution constants (Kd) and
selectivity coefficients ki of MCM-41 bearing ureido
toward Cu*" in the presence of other metal ions.

It was observed that all the ki values were greater than
1, and the Cu* removal efficiency was still over 90%,
though the Cu(II) adsorption amount showed a decrease in
the presence of adsorptive competing ions (compared with
data in Tables 2-5). This suggests that the adsorptive com-
peting ions in the aqueous solution had little effect on the
adsorption of Cu(Il) on the adsorbent.

Adsorption Kinetics of Cu** by Adsorbent B

The Cu** adsorption kinetic for adsorbent A and adsor-
bent B exhibits typical pseudo-first-order behavior [41]:

q,=q,,(1—exp ) )

...where ¢ is the contact time (min); ¢, (mmol/g) is the solid-
phase loading of metal ions at time ¢; K, (min") is the rate

Table 6. Comparative of adsorption ability for Cu** with differ-
ent materials.

Materials Heavy metals Q (mg/g)
Cu* 31.85
rice husk
Cd* 332
Cu* 323
montmorillonite
Pb* 34.0
Cu* 14.104
bentonite
Cd* 97.8
Cu* 60.2
bentonite
Pb* 368.5
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Table 7. Competitive adsorption on the functionalized mesoporous silica of Cu(Il).

Solution Co (mmol/l) Removal (%) Kd (mL/g) ki
Cu*" + Ni 1 92.40 2,431.58 1.7527
Cu* + Co™ 1 94.32 3,321.13 1.9645
Cu* +Zn* 1 93.21 2,745.51 22329
Cu* + Ni** + Co*" + Cd* 1 91.48 2,147.42 1.4169
constants of pseudo-first-order adsorption; q., (mmol/g) is References

the adsorption capacity at equilibrium.

Fig. 9 shows the adsorption kinetic of Cu** ions on
adsorbent B by using pseudo-first-order kinetic model.
During the initial 3 min., the removal efficiency of Cu*'
increased to 99.2%, which clearly illuminated that the
extraction process of adsorbent was speeded up in a large
scale.

Conclusions

In this work, modified mesoporous silicas (MCM-41)
with ureido group were prepared by one-spot procedure
using different templates P123 and CTAB. These two
adsorbents for binding heavy metals (Cu(II), Zn(II), Co(Il),
Ni(II)) from aqueous solutions were compared. The results
indicate that ureido-Si MCM-41 synthesized by CTAB pre-
sents a better potential as an alternative material for heavy
metal removal from aqueous solutions than ureido-Si
MCM-41 synthesized by P123.
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