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Novel chitosan/alginate/silica ternary aerogel beads were successfully prepared by the orifice-coagulation bath with the ambient pressure
drying method and utilising chitosan, sodium alginate, and tetraethoxysilane as the initial raw materials. The morphologies, porosity
characteristics, and dye absorbencies of the ternary aerogel beads were also investigated, respectively. The obtained samples are milky
light solid, the size of the spherical aerogel is uniform, its diameter can be controlled ∼5 mm, the specific surface area is 169.4 m2 g−1,
pore size distribution is concentrated in the 2–100 nm, which is a typical nanofilamentous network structure. Meanwhile, the ternary beads
were tested for dyestuffs adsorption; the results showed that the obtained samples exhibit excellent adsorption properties, and can keep
good sphericity as a class of novel adsorbents.
1. Introduction: Silica aerogels as unique porous materials
are being used in both scientific and commercial applications
because of high porosity, high specific surface area, large pore
volumes, low density, and low-thermal conductivity [1–4]. With
the development of aerogels preparation technology, synthesising
silica hybrid aerogels with special and improved properties have
been considered as a rational process to expand the broad range
of applications of aerogels [5–7]. Mazraeh-Shahi et al. improved
the flexibility of silica aerogels using hydrogen-bonding links
between polyurethane and silica causing polyurethane chains to
be preserved as a part of the gel network [5]. Wang et al. synthe-
sised chitosan–silica composite aerogels adsorbent successfully.
The Congo red adsorption onto this adsorbent reaches as high as
about 150 mg/g [6]. Ulker et al. developed a silica hybrid aerogels
consisting of a silica aerogel core encapsulated by an alginate
aerogel layer [7]. The authors claimed that hybrid aerogels have
advantages to tailor their structural properties according to specific
requirements.

However, research on silica hybrid aerogels has been mainly
focused on monolithic aerogels. Nowadays, reports on silica hybrid
aerogels beads are attracted more attention in adsorption study.
Zhai et al. prepared cellulose-based aerogel microspheres that
demonstrated an ultrahigh crude oil absorption capacity [8]. Zhang
et al. reported a facile method for synthesising poly(sodium acrylate)-
modified tetramethyl-1-piperidinyloxy-oxidised cellulose nanofibril
aerogel spheres. The water absorbent capacity of the aerogel
spheres could be as high as 1030 g/g [9]. Meanwhile, aerogel
beads offer additional desirable features, such as controllable particle
sizes and pore structures, which will be developed to meet a variety
of industrial wastewater treatment demands.

In this work, we report the synthesis of crack-free chitosan/
alginate/silica ternary aerogel beads adsorbent with free separation
and high polysaccharide content by the orifice-coagulation
bath (OCB). The inhomogeneity has been prevented by preparing
single polysaccharide beads sols firstly and mixing them to get
hybrid sols individually. The method has been effectively sim-
plified. The structural properties of the ternary aerogel beads have
been investigated comparing with binary aerogel beads. In addition,
the morphologies, porosity characteristics, physical properties,
and absorbencies of the ternary aerogel beads were systematically
studied.
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2. Experimental
2.1. Materials: Tetraethoxysilane (TEOS), chitosan (deacetylation
degree >95%), acetic acid, calcium chloride (CaCl2), sodium algin-
ate, n-hexane, and ethanol are all analytically pure and purchased
from Sinopharm Chemical Reagent Co. Ltd, China.

2.2. Synthesis of chitosan/alginate/silica ternary aerogel beads
(CTS–SA–SiO2): Fig. 1 shows the experimental procedures used
for the preparation of chitosan/alginate/silica ternary aerogel
beads at ambient pressure. An aqueous solution of chitosan was
obtained by dissolving chitosan (2 g) and CaCl2 (3 g) in a solution
of acetic acid (100 ml, 0.1 mol/l), which corresponded to a stoichio-
metric amount of acid with respect to the amount of NH2 functions
[10]. Total dissolution was obtained under stirring over 12 h at
room temperature. This solution was dropped into a sodium alginate
solution (2 g sodium alginate was dissolved in 100 ml deionised
water under stirring overnight) through a 0.7 mm gauge syringe
needle to provide gelified chitosan/alginate beads. These beads
were stored in the solution for 3 h and then washed with distilled
water. The chitosan/alginate beads were transferred into the
beaker and washed with distilled water at 30°C for four times
(each 2 h) to remove the sodium ions trapped inside the wet
beads. Subsequently, the beads were immersed in ethanol at 30°C
for four times (each 2 h) to remove the water remaining in their
pores. After washing, the chitosan/alginate beads were immersed
in ethanol/TEOS/water (Vethanol:Vtetraethoxysilane:Vwater = 11: 8:1)
solution at 60°C for 72 h. After silica skeleton improvement, the
beads were washed with n-hexane at 30°C for 12 h to move the
unreacted TEOS. The n-hexane solution was refreshed every 3 h.
Finally, the wet beads were dried at room temperature (∼25°C)
for 24 h.

2.3. Synthesis of alginate/silica binary aerogel beads (SA–SiO2):
For comparison, an aqueous solution of alginate was obtained by
dissolving alginate (2 g) in deionised water (100 ml) under stirring
over 12 h at room temperature. Then this solution was dropped into
a calcium chloride solution (2 g CaCl2 was dissolved in 150 ml
deionised water) through a 0.7 mm gauge syringe needle to
provide gelified alginate beads. The alginate beads were washed
with distilled water at 30°C for four times (each 2 h). Then the
beads were immersed in ethanol for further gelation and aging at
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Table 1 Physical properties of aerogel beads by OCB

Physical property SA–SiO2 CTS–SA–SiO2

packing bed density, g/cm3 0.155 0.160
porosity,% 91.67 90.44
oil absorption, ml/g 2.91 3.45
water absorption, ml/g 2.78 2.88
shape and appearance spheroid milk white spheroid milk white
BET surface area, m2/g 160.8 169.4
pore volume, cm3/g 0.542 0.658
average pore diameter, nm 6.598 4.940
RhB removal,% 24.56 57.45
MB removal,% 22.61 63.69

Fig. 3 SAXS pattern of aerogel beads
a SA–SiO2

b CTS–SA–SiO2

Fig. 1 Preparation process of chitosan/alginate/silica ternary aerogel
beads
30°C for four times (each 2 h). After washing, the alginate
beads were immersed in ethanol/TEOS/water solution (Vethanol:
Vtetraethoxysilane:Vwater = 11: 8 :1) at 60°C for 72 h. Then the beads
were washed with n-hexane at 30°C for 12 h and then n-hexane
was refreshed every 3 h. Finally, the wet beads were dried at
room temperature for 24 h.

2.4. Structural characterisation of the samples: The small angle
X-ray scattering (SAXS) patterns of samples were characterised
using Cu–Kα incident radiation by a Bruker-AXS D8 Advance
diffractometer (50 kV, 60 mA, the range of 0.5–10°). Fourier
transform infrared (FTIR) spectroscopy was performed by using a
Nicolet NEXUS470 FTIR spectrometer (Thermo Scientific,
USA). The Brunauer–Emmett–Teller (BET) specific surface
area was obtained from the N2 adsorption/desorption analyses
at 77 K (NOVA 2000, Quantachrome). The microstructure of
the aerogel beads was probed by field emission scanning electron
microscopy (SEM, Model Philips XL-30SEM analyser) and trans-
mission electron microscopy (TEM, JEOL-JEM-2010, Japan). The
tapping densities and oil absorption capacity of the aerogel beads
were also investigated as reported previously [11].

3. Results and discussion: Herein, Fig. 2 shows that binary
(Fig. 2a) and ternary (Fig. 2b) aerogel beads prepared by OCB.
In contrast, after chitosan addition, the formability of aerogel
beads is slightly improved. The experimental results on the
packing bed density, shape and the appearance of both aerogel
beads are given in Table 1. The packing bed density study suggests
chitosan content boost little density of the aerogel beads appre-
ciably. Meanwhile, the sample SA–SiO2 showed smaller shape
than ternary aerogel beads. This is because of the fact that the
chitosan–alginate complex gels keep sphericity due to the inter-
action of anionic alginate with the cationic chitosan, giving a cross-
linking thin skin layer [12]. The SAXS was employed to confirm
the mesoporous structure. As can be seen from Fig. 3, the
SA–SiO2 contains a diffraction maxima at 2θ= 1.4°, which can
be assigned to well-ordered mesoporous structures with straight
channels (Fig. 3a) [13]. However, there is a concave curve observed
Fig. 2 Photographs of beads
a SA–SiO2 and
b CTS–SA–SiO2
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in Fig. 3b (CTS–SA–SiO2). It might be lead to the heterogeneity or
disorder of the mesoporous when chitosan was added.

FTIR spectroscopy was performed to confirm the function group
of aerogel beads. Fig. 4 shows the FTIR spectra of SA–SiO2 and
CTS–SA–SiO2. For both composite aerogel beads, characteristic
absorptions at 1073 cm−1 are attributed to the stretching vibration
of Si–O–Si, near 800 cm−1 corresponds to bending vibration
of Si–O. While, the peak at about 1618 and 1400 cm−1 is C=O
symmetric stretching vibration from the chitosan or alginate is
seen in all the aerogel beads [6, 13]. In addition, the broad peak
between 3150 and 3500 cm−1 appeared in the ternary aerogel is
related to hydrogen bonds involving –NH2 and/or –OH groups
for CTS–SA–SiO2, indicating the chitosan-base amine functional-
ity. While for CTS–SA–SiO2 at this region becomes broader than
SA–SiO2 due to the interaction between the carbonyl group of
Fig. 4 FTIR pattern of aerogel beads
a SA–SiO2 and
b CTS–SA–SiO2
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Fig. 7 Ultraviolet–visible spectrum of adsorption of
a RhB by two beads in 0.5 h
b MB by two beads in 0.5 h

Fig. 8 Test for absorbing ability of CTS–SA–SiO2

a Absorbed RhB
chitosan and the silica network occurs [14]. It can be seen that this
ternary aerogel beads can be successfully prepared by incorporating
chitosan cross-linked with alginate.

To study the structure morphology of aerogel beads more direct-
ly, SEM and TEM measurements were taken, and the photographs
are shown in Fig. 5. We observed that the surface of both aerogel
beads is coarse. Meanwhile, SA–SO2 exhibits a porous structure
while CTS–SA–SiO2 has a micron-sized porous structure and
also exhibited a looser microstructure of the internal network.
The phenomenon is corresponding to the X-ray diffraction analysis.
SA–SiO2 has a honeycomb-like network structure whose sizes are
at the nano level (Fig. 5c). Also, the pore size of SA–SiO2 is
smaller than that of CTS–SA–SiO2. For CTS–SA–SiO2, the fibres
in the internal network are separated by void spaces >50 nm
(Fig. 5d ), thus displaying the macroporous network of the adsorb-
ent materials. These give the evidence for the formation of a fibrous
network characteristic of polysaccharide gelling polymers [10].

Fig. 6 shows the nitrogen adsorption/desorption isotherms of
both aerogel beads. For both aerogel beads, the N2 adsorption/de-
sorption isotherms displayed the intermediate between type II and
IV curves, indicating the presence of large mesopores with a size
distribution which continues into the macropore domain [15]. The
hysteresis loops at P/P0 > 0.5 indicate the existence of slit-shaped
pores and also the presence of mesopores in both aerogel beads
[5]. The specific surface areas and pore volumes of the respective
samples are also listed in Table 1. The meso- and macrostructures
allow the rapid diffusion for adsorption [5, 16]. In conclusion,
most of the previous results demonstrated that the aerogel beads
exhibited excellent adsorption performance.
Fig. 5 SEM and TEM photographs of aerogel beads
a, c SA–SiO2

b, d CTS–SA–SiO2

Fig. 6 N2 adsorption/desorption isotherms and pore size distributions
(inset) of aerogel beads
a SA–SiO2

b CTS–SA–SiO2

b Absorbed MB
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The absorption capacities of the aerogel beads for different
dyestuffs were measured. Two common dyestuffs, namely, rhod-
amine B (RhB), and methylene blue (MB) were used in Fig. 7.
Also, during the same time, the dyestuffs removal (%) of the
CTS–SA–SiO2 is higher than SA–SiO2 (see details in Table 1),
which indicates that CTS–SA–SiO2 has good application prospect
in water treatment. Besides, CTS–SA–SiO2 also has a spherical
shape and had no crack on the surface of the beads no matter
before or after adsorption (Fig. 8). Furthermore, repeated recycle
tests were performed for CTS–SA–SiO2 through solvent decoration
[11, 17]. After the ternary aerogel beads were washed by ethanol to
release the dye. This sorption separation process was repeated five
times, indicating a stable sorption and recycling performance of
CTS–SA–SiO2.

4. Conclusion: In summary, chitosan/alginate/silica ternary aerogel
beads adsorbents were successfully prepared and applied in adsorp-
tion of dyestuffs for the first time. Compared with alginate/silica
binary aerogel beads, the modified ternary aerogel beads exhibited
more macroporous network structure and excellent adsorption
activity. Especially, the structural and physical properties of
aerogel beads showed an interesting dependence on chitosan com-
position. This work opens the way to a range of important applica-
tions of ternary aerogel bead materials and provides a kind of new
adsorbent material for absorbing dyestuffs with free separation.
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