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ABSTRACT: Porous micro- and nanostructured materials with desired
morphologies and tunable pore sizes are of great interests because of their
potential applications in environmental remediation. In this study, novel rattle-
type carbon—alumina core—shell spheres were prepared by using glucose and
metal salt as precursors via a simple one-pot hydrothermal synthesis followed by
calcination. The microstructure, morphology, and chemical composition of the
resulting materials were characterized by X-ray diffraction (XRD), energy
dispersive X-ray spectroscopy (EDX), scanning electron microscopy (SEM),
transmission electron microscopy (TEM), and N, adsorption—desorption
techniques. These rattle-type spheres are composed of a porous Al,O; shell
(thickness ~ 80 nm) and a solid carbon core (diameter ~ 200 nm) with variable
space between the core and shell. Furthermore, adsorption experiments indicate
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that the resulting carbon—alumina particles are powerful adsorbents for the
removal of Orange-II dye from water with maximum adsorption capacity of ~210 mg/g. It is envisioned that these rattle-type
composite particles with high surface area and large cavities are of particular interest for adsorption of pollutants, separation, and

water purification.
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1. INTRODUCTION

In recent years, the fabrication of inorganic micro- and
nanosized hollow and rattle-type core/shell materials has
attracted a lot of attention because of the materials' versatile
applications including catalysts, chemical sensors, medicine,
drug/gene reservoirs, and adsorbents.'™ These core—shell
composites often exhibit relatively high surface area, increased
stability and superior magnetic and optical properties.*” The
major strategies to prepare such structures are based on the use
of various templates including hard and soft templates, as well
as template-free routes.* "> Recently, the colloidal carbona-
ceous spheres have been employed as a green and novel
template to synthesize hollow structures of a variety of
materials.'*™'® The resulting products inherit the spherical
morphology of the carbon particles and possess favorable
porous properties.

Nowadays the rattle-type nanoarchitectures, a special class of
core/shell particles, have been extensively studied because of
their unique structural properties and potential applications.
These architectures possess spherical shells and solid cores
having a variable space between them.'” Some rattle-type
particles such as Au-polymer, SiO,—Fe,O; nanoball, and Cu-
silica have been synthesized;w_22 however, the existing
synthesis strategies are often complicated because of tedious
procedures and poor reproducibility. Thus, there is still a
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challenge to develop simple, controllable, and environmentally
friendly methods for the synthesis of the rattle-type particles.

Herein, we present a facile and effective strategy to fabricate
rattle-type carbon—alumina core—shell spheres with large
cavities using colloidal carbon spheres as hard templates. The
as-prepared products exhibit spherical morphology, relatively
high surface area, and porous structures. Experimental study of
their performance as adsorbents for dye pollutants from water
showed that they are very promising materials for wastewater
treatment.

2. EXPERIMENTAL SECTION

Sample Preparation. All the chemicals were analytical grade from
Shanghai Chemical Industrial Company and were used without further
purification. In a typical synthesis, 20.1 mmol of glucose and the
desired amount of aluminum nitrate (2.01, 4.02, 10.05 mmol) were
respectively dissolved in 60 mL of distilled water under vigorous
stirring. When the mixture solution was fully dissolved, 10 mL of
ethanol were added under stirring. The resultant mixture was placed in
a 100 mL Teflon-lined stainless steel autoclave and heated at 180 °C
for 24 h. The black products were then collected, washed three times
with water and ethanol, and dried at 80 °C for S h. To obtain the
rattle-type carbon—alumina spheres, we heated the dried products at
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450 °C for 2 h. Because the molar ratio of glucose and aluminum
nitrate varied from 2, S, to 10, the carbon—alumina samples were
denoted as CAl-2, CAl-S, and CAI-10, respectively. The detailed
synthesis conditions and physical properties of the samples are shown
in Table 1. For the purpose of comparison, commercial alumina
sample (Al,O;) was examined too.

Table 1. Physical Properties of the Samples Studied

average pore size pore volume BET surface area

sample (nm (em’/g) (m*/g)
CAl-2 5.8 0.15 105
CAL-S 4.9 0.19 160
CAl-10 4.5 0.21 182
ALO, 44 0.01 9

Characterization. Powder X-ray diffraction (XRD) patterns of the
as-prepared samples were obtained on an X-ray diffractometer (type
HZG41B-PC) using Cu K,, radiation at a scan rate of 0.05° 20 s™". The
morphology of all samples was observed on an S-4800 field emission
scanning electron microscopy (FE-SEM, Hitachi, Japan) at an
accelerating voltage of 10 kV and linked with an Oxford Instruments
X-ray analysis system. Transmission electron microscopy (TEM)
analyses were conducted on a JEM-2100F electron microscope (JEOL,
Japan) using a 200 kV accelerating voltage. The Brunauer—Emmett—
Teller (BET) surface area of the powders was analyzed by nitrogen
adsorption on a Micromeritics ASAP 2020 nitrogen adsorption
apparatus (U.S.A.). All the samples were degassed at 150 °C prior to
nitrogen adsorption measurements. The BET surface area was
determined by a multipoint BET method using the adsorption data
in the relative pressure (P/P,) range of 0.05—0.3. Adsorption branches
of the isotherms were used to determine the pore-size distributions for
the samples studied via the Barrett—Joyner—Halenda (BJH) method,
assuming a cylindrical pore model.>* The volume of nitrogen adsorbed
at the relative pressure (P/P,) of 0.994 was used to determine the pore
volume.

Batch Equilibrium and Kinetic Studies. Adsorption isotherm
experiments were performed by adding a specified amount of the
adsorbent samples (S mg) to a series of beakers containing 25 mL of
diluted Orange-II (O—1II) solutions (15—50 mg/L). The pH value of
the solution was maintained at 5—6 by adding 0.1 M NaOH or 0.1 M
HCI solutions. The beakers were sealed and kept at air-bath oscillator
under 25 °C for 24 h to reach equilibrium. The beakers were then
removed from the oscillator, and the final concentration of O—II in the
solution was measured at the maximum absorption wavelength of O—
II (485 nm) using UV/vis spectrophotometer (Shimadzu UV/vis 2550
Spectrophotometer, Japan). The amount of O-—II adsorbed at
equilibrium g, (mg/g) was calculated using the following equation:

(G -V
.= w (1)

where C, and C, (mg/L) are the liquid phase initial and equilibrium
concentrations of O—II, respectively, V is the volume of the solution
(L), and W is the mass of adsorbent used (g).

The adsorption kinetic experiments were basically identical as those
involving adsorption isotherm measurements. Adsorption kinetics of
O-1II was studied at three temperatures (25, 35, and 45 °C) in an air-
bath oscillator. In a typical experiment, the initial concentration of the
solution is fixed as 25 mg/L. The aqueous samples were taken at
preset time intervals and the concentrations of O—II were similarly
measured. The amount adsorbed at time ¢, ¢, (mg/g), was calculated
by:

_(G-Qv

T Tw )
where C; and C, (mg/L) are the liquid phase concentrations of O—II
at initial and specified time t, respectively, V is the volume of the
solution (L), and W is the mass of adsorbent used (g).
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3. RESULTS AND DISCUSSION

XRD Studies. The phase structure and relative crystallinity
of the as-prepared samples were investigated by XRD. As can
be seen from Figure 1, the main diffraction peaks for CAl-2 in
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Figure 1. XRD patterns of the CAl-2, CAL-S ,and CAI-10 samples (C
represents the carbon sphere, whereas Al refers to y-AL,O;).

the 20 range from 30 to 70° can be easily assigned to cubic y-
AL, O; (JCPDS 10—0425) with lattice parameters a = 7.90, b =
7.90, ¢ = 7.90 A. The broad and weak peaks of Al,O; suggest its
poor cystallinity and high water content.** The intensity of -
alumina peaks decreases with increasing amount of carbon in
the composite; they are almost invisible in the case of CAI-10.
These very weak diffraction peaks for CAI-10 suggest that the
high amount of glucose probably inhibits the crystallization of
AL O;. The broad peak in the 20 region of 17—30° refers to
amorphous carbon; its intensity increases with increasing
amount of carbon in the composite.

Morphology. SEM and TEM were used to further
investigate the morphology and microstructure of the samples.
Images a and b in Figure 2 show the SEM images of the carbon
spheres obtained by using only glucose as a carbon precursor at
180 °C for 8 h; fine monodispersed spheres with average

Figure 2. SEM images of (a , b) carbon spheres and (c—f) CAl-S
sample.
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diameter of 650 nm are clearly visible. As shown in images ¢
and d in Figure 2, the as-prepared carbon—alumina samples
exhibit regular spherical shape with coarse surface, implying
that the resulting particles inherited the spherical morphology
from the solid carbon spheres (see Figure 3a, b). The carbon—
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Figure 3. TEM images of (a, b) carbon spheres and (¢, d) CAL-S; (e, f)

selected area EDX patterns of the CAI-S sample.

e B2

alumina spheres possess diameters of about 450—500 nm,
which are smaller than those of glucose-based carbon particles
due to the contraction upon thermal treatment. The broken
spheres (Figure 2e, f) imply a hollow geometry of the final
particles. Moreover, the TEM images of the samples (Figure 3c,
d) further confirm the hollow structure of composite particles,
which can be defined as rattle-type carbon—alumina spheres.
Within a typical sphere, the thickness of Al,Oj shell is nearly 80
nm, while the diameter of the carbon core is about 200 nm with
variable space between the core and shell. Meanwhile, the
corresponding EDX pattern of an individual shell (area 1; see
Figure 3e) reveals that the shell is mainly composed of ALO;.
Further EDX analysis (Figure 3f) of the core (area 2) shows
that its major elemental composition is carbon. Therefore, it
can be inferred from the above results that the as-prepared
samples can be considered as the well-organized carbon—
alumina spherical superstructures.

Surface Area and Porosity. Nitrogen adsorption—
desorption isotherms and the corresponding pore size
distribution curves for the samples studied are shown in Figure
4, respectively. The shape of all isotherms is type IV (Brunauer-
Deming-Deming-Teller classification), which is characteristic of
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Figure 4. (a) Nitrogen adsorption—desorption isotherms and (b) the
corresponding pore size distribution curves of the CAl-2, CAI-S, and
CAI-10 samples.

mesoporous materials (2—50 nm). As can be seen from Figure
4, each isotherm has a typical hysteresis loop in the range of
0.4—0.8 P/P,, indicating the presence of mesopores (having
widths of about S—7 nm). The hysteresis loops of the samples
studied close at the limiting pressure; they are formed by
gradually increasing/decreasing adsorption/desorption
branches, respectively, indicating possible pore constrictions.
Moreover, the observed increase in the hysteresis loops at
relative pressures approaching 1.0 suggests the presence of
larger mesopores and/or macropores. The pore structure
parameters of the samples studied, such as the specific surface
area, pore size and pore volume, are listed in Table 1. The
surface area and pore volume of the carbon—alumina samples
increase with increasing the C/AI** molar ratio. It is
noteworthy that the specific surface area of the sample CAl-
10 is approximately 20 times larger than that of Al,O;, which
would be beneficial for the fast adsorption and transfer of
adsorbate inside the hierarchically porous structure of this
sample.

Formation Mechanism. The formation mechanism of the
rattle-type carbon—alumina particles can be envisioned as a
two-step process. First, the carbohydrate used as a carbon
precursor is subjected to dehydration, condensation, polymer-
ization and aromatization,” and finally carbon spheres are
formed. The surface of these carbon spheres is hydrophilic
because it contams 2 considerable amount of reactive oxygen-
containing groups Therefore, AP jons are easﬂy attached to
the surface of the aforementioned carbon spheres.”” During this
hydrothermal process, the AI** ions catalyze the formation of
carbon spheres by accelerating hydrothermal reactions and

dx.doi.org/10.1021/am300176k | ACS Appl. Mater. Interfaces 2012, 4, 2174—2179
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facilitating carbonization of the carbohydrate in aqueous
solution. Also, these ions are precursors for the formation of
alumina shells.

The subsequent calcination treatment is the key step in the
formation of the rattle-type particles. According to the previous
TGA studies,”®*® the carbonaceous material shows a very low
mass loss in the initial heating period, during which only water
and other evaporable components are removed. This material
begins to react with oxygen at about 330 °C and achieves its
highest extent of decomposition at about 450 °C.**

The time-dependent evolution of morphology was elucidated
by TEM and it is shown in Figure 5. The alumina—carbon

b
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Figure S. Schematic illustration of the formation of rattle-type
carbon—alumina particles; TEM images represent the samples
obtained by calcination at 450 °C for 0, 0.5, and 2 h, respectively.

composite microspheres were obtained via hydrothermal
treatment before calcination. After calcination at 450 °C for
0.5 h, the carbon transforms into carbon dioxide, meanwhile
the loosely adsorbed AI** ions turn into dense AL,O; network
forming the shells of the rattle-type spheres.”® A closer
observation of the TEM images reveals that there are small
cavities between the carbon cores and alumina shells resulting
from the shrinkage during calcination process. The 2 h
calcination results in the partial removal of carbon cores, and
simultaneous densification and cross-linking of the incorpo-
rated aluminum ions in the shells, which leads to the formation
of rattle-type structures.

Adsorption Kinetics. Because of the unique hollow
structure and high BET specific surface area, the rattle-type
composite particles may possess high adsorption capacity
toward various pollutants in water. Thus, the adsorption
performance of the carbon—alumina particles for the removal of
organic pollutants from water was investigated by the batch-
type adsorption kinetic experiments.>’ In the present study,
Orange-1I (C;¢H;;N,Na0,S), an anionic dye, was chosen as
the model pollutant in water. Figure 6 shows the adsorption
kinetics of O—II on the carbon—alumina samples and a
commercial AlL,O; sample obtained by batch-type kinetic
experiments at an initial O—II concentration of 25 mg/L at
pH 5.0—6.0. The adsorption amount of O—II on the carbon—
alumina samples increased rapidly within the initial 100 min
and then became gradually constant, whereas the commercial
Al,O; sample exhibited a very low adsorption rate all the time.
As shown in Figure 6, adsorption equilibrium can be reached
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Figure 6. Variation in adsorption capacity with adsorption time for
O-II on the CAl-2, CAl-5, CAl-10, and alumina samples (T = 25 °C;
adsorbent dose = 200 mg/L; O—II initial concentration = 25 mg/L,
and pH 5.0—6.0).

approximately after 120 min. It is noteworthy that the sample
CAI-10 achieved the highest capacity of 108 mg/g, which is
about ten times more than that of the commercial Al,O4
sample. At the pH studied, Orange-II is expected to be
adsorbed on the surface of aluminum oxide due to electrostatic
attraction between the aluminum oxide shell and sulfonic acid
groups of the O—II molecules.’” The fast O—II uptake is
attributed to the combination of several factors, such as high
specific surface area, large pore volume, unique rattle-type
structure, and high adsorption affinity of the carbon core.*®
Moreover, keeping pH in the range between S and 6 facilitated
electrostatic interactions because the aluminum oxide surface
was positively charged (isoelectric point of ALO; ~ 9.0).”

The linear form of the pseudo-second-order kinetic rate
mod;lt s applied to examine the mechanism of adsorp-
tion.”™”

1
+ —t
©)
where k, (g mg™ min™') is the rate constant of the second-
order adsorption. The linear plot of t/g, versus ¢ is shown in

Figure 7 and the obtained R? values are greater than 0.997 for
the CAl-2, CAL-S, and CAI-10 samples (Table 2). This indicates
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Figure 7. Pseudo-second-order kinetics for adsorption of O—II dye on
the CAl-2, CAL-S, and CAI-10 samples (T = 25 °C; adsorbent dose =
200 mg/L; O—II concentration = 25 mg/L, and pH 5.0-6.0).
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that the pseudo-second-order model represents well the
adsorption kinetics experimental data.

Table 2. Pseudo-second-order Adsorption Kinetic Constants
of the Samples studied

pseudo-second-order model

—4

ample (1) (me)  (miel)  gmgimml) R
CAl-2 25 82 74 8.50 0.997
CAL-S 25 118 107 6.44 0.998
CAI-10 25 132 118 4.94 0.999
ALO, 25 10 10 1717 0.999

In addition, the intraparticle diffusion kinetic model based on
the theory proposed by Weber and Morris was tested by using
the following relation®

q, = kd\/f +c (4)

where kg is the rate parameter (mg/g h'/?); k4 and ¢ values can
be respectively calculated from the slope and intercept of the
straight line obtained by plotting g, vs t'/* (see Figure S1 and
Table S1 in the Supporting Information). This figure shows
that the linear behavior is observed only in a limited range of
time, indicating that this model is not adequate for representing
the adsorption kinetics of the systems studied.

Adsorption kinetics data were also measured for O—II dye at
different temperatures (25, 35, and 4S5 °C) in order to evaluate
activation energy. Adsorption kinetics data were used to
estir;17ate the activation energy (E,) according to the Arrhenius
plot

Ea

Ink,=InA xT )
where E, is the Arrhenius activation energy (kJ/mol), k, is the
pseudo-second-order rate constant, A is the Arrhenius factor, R
is the gas constant (8.314 J/mol K), and T is the solution
temperature. When In k, is plotted versus 1/T a straight line
with slope —E,/R is obtained. This estimation gave the value of
activation energy (E,) 35 kJ/mol, indicating physical
adsorption of O—II dye onto the carbon—alumina samples.**>’
Adsorption Isotherms. Equilibrium adsorption isotherms
for the systems studied are shown in Figure 8. These
adsorption isotherms were measured at pH 5—6 and 25 °C.

2001 = CAl2
e CAI-5

A CAI-10

C, (mg/L)

Figure 8. Adsorption isotherms for O—II on the CAI-2, CAI-5, and
CAI-10 samples (T = 25 °C; adsorbent dose = 200 mg/L; O—1II
concentration = 15—50 mg/L, and pH 5.0—6.0).
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The Langmuir isotherm equation was used to analyze
equilibrium adsorption data; its linear form can be expressed
as follows***!

C, 1 + C,

(6)

where C, is the equilibrium concentration of O—II in solution,
q. is the equilibrium amount of O—II on the adsorbent (mg/g),
Gmax 1S the maximum adsorption capacity of the adsorbent
corresponding to the complete monolayer coverage (mg/g),
and Kj is the Langmuir adsorption constant, which is related to
the Gibbs free energy of adsorption. Note that the original
Langmuir equation has been derived for monolayer localized
adsorption from an ideal gas phase on an energetically
homogeneous surface. This model neglects lateral interactions
and assumes adsorption on unoccupied adsorption sites.
Although solute adsorption from dilute aqueous solutions can
be formally represented by the Langmuir equation, the
adsorption mechanism differs from that at the gas/solid
interface; in the case of solute adsorption, there is competition
between solute and solvent molecules, and the resulting K
constant depends on the difference of solute and solvent
adsorption energies.*” Figure 9 shows that the Langmuir

qmax

C/q, (/L)

C, (mg/L)

Figure 9. Langmuir linear plots of adsorption isotherms for O—II onto
the CAI-2, CAI-S, and CAI-10 samples at 25 °C.

adsorption isotherm fits well with experimental data. The best-
fit parameters are listed in Table 3. This implies adsorption of

Table 3. Adsorption Isotherm Parameters of the Samples
Studied

Langmuir adsorption model

sample max (mg/g) K * R?

CAl-2 86 476 x 10° 0.999
CAlL-5 131 3.19 x 10° 0.998
CAI-10 209 2.67 X 10° 0.991

*Although adsorption data are plotted using dye concentration in mg/
L, the Langmuir constant values were calculated by expressing the dye
concentration in mol/L.

large dye molecules such as O—II dye is represented reasonably
well by monolayer localized adsorption model. It is noteworthy
that the maximum adsorption capacity of O—II dye on the
carbon—alumina spheres prepared in this work is 209 mg/g,
which is much higher than that reported for a modified zeolite
(3.62 mg/g).32

dx.doi.org/10.1021/am300176k | ACS Appl. Mater. Interfaces 2012, 4, 2174—2179



ACS Applied Materials & Interfaces

Research Article

4. CONCLUSIONS

In summary, we have demonstrated the fabrication of rattle-
type carbon—alumina particles via a simple and environ-
mentally benign approach involving the one-pot hydrothermal
synthesis and calcination. The structurally unique ratle-type
particles are composed of porous Al,O; shells and solid carbon
cores as well as large free space between the cores and shells.
The surface area and porous properties of these composite
particles can be significantly improved by simply adjusting the
ratio of the glucose and aluminum salt precursors. The
adsorption kinetics of Orange-II on the carbon—alumina
samples studied follows the pseudosecond-order kinetic
model. The equilibrium adsorption data are well represented
by Langmuir isotherm equation. These novel rattle-type
composite particles with tunable core/shell cavities and high
surface area showed good adsorption performance to remove
Orange-II dye from water; they are expected to be useful for a
variety of applications such as adsorption, catalysis, drug
delivery, and especially environmental remediation.
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