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a b s t r a c t
Utilizing silica sol as precursor and carbon nanotubes (CNTs) as additives, the CNTs/silica com-
posite aerogels beads (CS-CABs) with different CNTs content were synthesized by a water-in-oil 
emulsion method combining sol–gel process. The effects of content of CNTs on the macro- and 
micro-morphology, even pore structure of CS-CABs were investigated by scanning electron 
microscopy and N2 adsorption–desorption measurement. The results reveal that CNTs have great 
influence on their morphology and pore structure characteristics. When the addition amount of 
CNTs is 0.4%, CS-CABs (labeled as 0.4% CS-CABs below) yield the best overall performance of 
removing toluene in aqueous bodies, and its corresponding values of surface area, pore diame-
ter and pore volume are 321 m2/g, 38.56 nm and 1.44 cm3/g, respectively. Furthermore, the 0.4% 
CS-CABs was characterized by Fourier-transform infrared spectroscopy, X-ray powder diffrac-
tion and contact angle analysis, and the mechanism of isotherm and adsorption kinetics were 
also studied. The maximum saturated adsorption capacity of toluene under 293 K is as high as 
214 mg/g, which is about 1.2 and 1.4 times to SiO2 aerogels beads and CNTs. Freundlich model 
and quasi-first-order kinetic adsorption model fit the adsorption process well, and it is proved 
that the adsorption process is dominated by physical adsorption.
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1. Introduction

Aerogels is currently one of the most highly porous nano-
structured materials [1]. Silica aerogels consists of tangled, 
fractal-like chains of spherical clusters of SiO2 of 3–4 nm in 
diameter, and the chains form a solid structure surrounding 
air-filled pores whose average diameter is about 20 nm [2,3], 
which endows it with low density (3 kg/m3), high poros-
ity (99%), small pore size (1–100 nm), open mesoporous 
structure and high surface area [4–7]. Due to its excellent 

properties, silica aerogels have great potential applications 
in the fields of science and technology, such as drug deliv-
ery carriers, thermal insulation materials, supports for 
catalysts, and adsorbents for organics [5,8].

Toluene, an important chemical raw material [2,9], is 
widely used in industry as a diluent for paints, coatings or 
adhesives [9,10]. However, water pollution caused by tolu-
ene emissions has already become a concern of environmen-
tal issues. Toluene leaking into the aquatic ecosystem will 
cause water pollution and death of aquatic organisms, while 
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endangering human health and safety [9–12]. Therefore, 
the strategy of effective removal of toluene or other BTEX 
(benzene, ethylbenzene, p-xylene) from water environment 
is necessary. Current technologies for BTEX removal from 
water include biological treatment [13,14], chemical treat-
ment, and adsorption methods by various sorbents [2,15]. 
Among these three processes, adsorption is widely applied 
for its flexibility, low cost and low energy consumption 
[2,6,8,15]. Silica aerogels is one of the most commonly used 
hydrophobic and mesoporous adsorbents [16]. Compared 
with porous carbon materials that is dominated by microp-
ores [17,18], silica aerogels have better selective adsorption 
properties with higher saturated adsorption amount, due 
to its mesoporous nature [16,17,19,20]. In addition, silica 
aerogels can be chemically modified to improve the surfi-
cial hydrophobicity, thus to achieve selective adsorption of 
target specific compounds, and thus further enhance the 
adsorption efficiency. Kumagai et al. [21] found that silica 
aerogels modified with methyltrimethoxysilane (MTMS) or 
trimethylethoxysilane exhibited high adsorption capacities 
for toxic organic compounds from water. Wang et al. [22] 

showed that hydrophobic silica aerogels exhibited strong 
adsorption capacity on slightly soluble organic.

Carbon nanotubes (CNTs) [23,24], with their tubular 
one-dimensional (1D) structure, are stable in chemistry, 
and it shows outstanding properties for the application in 
electricity, mechanics, especially in adsorption. And it has 
been employed to remove toluene and other organic pol-
lutants from aqueous bodies in previous reports [10,25]. 
The excellent adsorption properties of CNTs for toluene 
is attributed to the large specific surface area and the π–π 
interaction [26,27]. In addition, CNTs are widely used in 
the fabrication of composite materials, in order to improve 
their mechanical strength. Karim et al. [28] have success-
fully compounded silica aerogels with functionalized 
multi-walled carbon nanotubes (MWCNTs) via a sol–gel 
process, which improved the mechanical properties of sil-
ica aerogels. Liu et al. [29] have prepared reinforced silica 
aerogels with tungsten disulfide nanotubes, and explored 
the best doping amount, and the results showed that the 
addition of 0.1 wt.% of CNTs to the brittle porous matrix 
can effectively increases the toughness. Menshutina et al. 
[30] have prepared silica aerogels monoliths embedded 
with different amount MWCNTs. However, there are few 
studies on the adsorption properties of CNTs/SiO2 com-
posite aerogels. Based on the excellent adsorption proper-
ties of CNTs and silica aerogels, silica aerogels combined 
with CNTs can take a combined advantage to obtain more 
excellent adsorption characteristics. Moreover, in the cur-
rent reports, silica aerogels and CNTs are mainly com-
posed of bulk or powder form, which would limit their 
practical application in adsorption. Bulk materials are 
inconvenient to fill, and its internal adsorption efficiency 
is generally unsatisfactory [1,31]. Though aerogels pow-
der has the characteristics of efficient and rapid adsorp-
tion, the cost of adsorbents is relative high, furthermore 
specific resistance of filtration process is large. And 
more importantly, it is difficult to maintain water quality 
[32,33], because it is extremely challenging to completely 
remove aerogels powder from water. In order to solve 
these problems, the silica composite aerogels could be 

shaped into beads [21,34–36], which can both ensure the 
adsorption efficiency and speed at the same time. In addi-
tion, silica aerogels beads have smaller flow resistance, 
lower friction coefficient, good fluidity and uniform force, 
which made it conducive to the developing computational 
model. Conventional methods for preparing silica aero-
gels beads include inkjet method [37], ball drop method 

[38,39] and emulsion method [33,35,36,40–44]. Among 
which, although that the silica aerogels beads prepared by 
the inkjet method or the ball drop method possess good 
skeleton stability and adapt to the ambient drying tech-
nique, the prepared aerogels beads are usually large and 
uneven in size, which is not conducive to filling and mod-
eling in practical adsorption applications. The emulsion 
method is mainly water-in-oil (W/O) emulsion method. 
Using water glass as the source of silicon, through drop-
wise addition of the silica sol into n-hexane to form wet 
gel beads, Zong et al. [40] prepared the silica aerogels 
beads with a diameter of about 1 mm after drying under 
ambient pressure. Sarawade et al. [36] have synthesized 
spherical aerogels micro particles under supercritical dry-
ing conditions by in situ W/O emulsion polymerization, 
and the synthesized microspheres have large specific sur-
face area and uniform particle size distribution. Yu et al. 
[33] synthesized silica aerogels beads through a two-step 
acid-base sol–gel reaction in W/O emulsions via supercrit-
ical drying, and the influence of experimental parameters 
on the balling was discussed. Sing [44] have synthesized 
micrometer-sized (4–20 μm) silica aerogel microspheres 
at ambient pressure through emulsion method combined 
with solvent replacement and surface modification, the 
effect of the processing conditions on the size and mor-
phology was discussed. The microspheres prepared by 
the above emulsion methods all have regular spherical 
shape and uniform size, which provides important the-
oretical support for the preparation of silica aerogels  
composite beads.

In this study, silica sol was chosen as silicon precur-
sors, CNTs/SiO2 aerogels composite beads (CS-CABs) 
with different CNTs contents were prepared by W/O 
emulsion method, combined with sol–gel process under 
conventional drying conditions. Effects of CNTs on the 
particle size, morphology and inner porous structure of 
CS-CABs were also investigated. The adsorption proper-
ties of CS-CABs to toluene in aqueous were performed, 
and the corresponding isotherm and adsorption kinetics 
were also studied. To the best of our knowledge, this is 
the first time to report the preparation of CNTs/silica com-
posite aerogels beads and application in the adsorption 
of toluene in aqueous environment.

2. Experiments

2.1. Chemicals

Carbon nanotubes (CNTs) (97%) were purchased from 
Shenzhen Nanotech Port Co., Ltd. Ammonia solution 
(28 wt.%, AR), ethanol (95 wt.%, AR), sulfuric acid (AR) 
and the nitric acid (AR) were obtained from Sinopharm. 
Silica sol (JN-30) was supplied by Grade Group, Qingdao. 
n-heptane (AR), n-butyl alcohol (AR), Span 80 (CP) and 
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Tween 85 (CP) were purchased from Fengchuan Group. All 
chemicals were used as received without further purification.

2.2. Preparation of oxidized carbon nanotubes (CNTs-COOH)

In order to enhance the polarity of CNTs, thus increas-
ing their dispersibility in water, and realize the purpose 
of purification, CNTs were firstly oxidized by the concen-
trated sulfuric acid and nitric acid before use. Typically, 1 g 
of CNTs were dispersed into a mixed solution that consists 
of 90 mL of H2SO4 and 30 mL of HNO3 under ultrasonica-
tion for 30 min, followed by reflux in a flask at 60°C–65°C 
for 4 h. After washing with deionized water and other 
chemical reagents, followed by drying at 60°C for 12 h, 
the pretreated CNTs-COOH samples were obtained.

2.3. Preparation of CNTs/silica composite aerogels bead

The CS-CABs with different CNTs doping content 
were synthesized by a W/O emulsion method in a sol–gel 
process. The scheme of the synthetic process is shown in 
Fig. 1. Typically, CNTs were dispersed in ethanol under 
ultrasonication for 30 min to obtain the CNTs dispersion 
of different mass ratio (0%, 0.2%, 0.4%, 0.6%, 0.8%, and 
1.0%). Silica sol was firstly mixed with 1 mL of nitric acid 
solution (5 wt.%), and then poured into the aforemen-
tioned CNTs dispersion to form the alcohol sol phase 
(dispersed phase). 0.034 g of Span 80 and 0.0034 g of 
Tween 85 were dissolved in 25 mL of n-heptane solution 
under continuous stirring for 30 min, and then 2.5 mL of 
n-butyl alcohol was added to form an micro emulsion. 
The alcohol sol (dispersed phase) was added into the 
micro emulsion dropwise whilst stirring to form the W/O 
emulsion, and the pH was adjusted to 7.0 with ammo-
nia solution (VNH3H2O

:VH2O
 = 1:10). The obtained silica 

wet gel beads were washed repeatedly with acetone and 

collected by centrifugation, followed by aging at 60°C in 
a tetraethoxysilane (TEOS)/EtOH (VTEOS:VEtOH = 1:3) bath 
for 12 h. In order to obtain hydrophobic silica aerogels 
beads, the as prepared silica wet gel beads were modified 
in an 10% trimethylchlorosilane (TMCS)/n-hexane solu-
tion for 6 h at 60°C. Next, the product was dried in vac-
uum at 30°C for 6 h to acquire the dry CNTs-COOH/silica 
aerogels beads (COS-CAMs), then it was further heated 
in a horizontally tubular furnace under N2 atmosphere at  
300°C for 3 h.

Here, the W/O emulsion templating method was used 
to prepare the silica aerogel beads. Another similar emul-
sion templating method based on HIPE (high internal phase 
emulsion) is also an efficient way to obtain highly porous 
polymeric materials called poly-HIPE materials, and has 
been applied to prepare the degradable material for tis-
sue engineering [45]. The difference of the two methods is 
that for the HIPE templating method, the external phase 
was solidified to form the bulk template, and the internal 
phase (droplets) was used to form the inner pores. While 
for the method we applied, the silica beads just formed 
inside the internal phase (droplets), and the pores formation 
arose from the volatilization of the aqueous phase. And the 
emulsion formation was for the separation of the droplets, 
which finally turned into the silica beads.

2.4. Characterizations

The density of the obtained CS-CABs was calculated 
based on their mass-to-volume ratios. The macroscopic 
morphology of CS-CABs was characterized by optical 
microscopy (BK-POL, OPTEC, China) and the surface 
physical morphology was further examined by scanning 
electron microscopy (SEM) (SU-1510, Hitachi, Japan) at 
0.3–3 kV. N2 adsorption–desorption isotherm was measured 
on Autosorb-iQ, and specific surface area was determined 

Fig. 1. Scheme of synthetic process of CS-CABs.
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according to the Brunauer–Emmett–Teller (BET) method 
in the relative pressure (P/P0) range of 0.0001–0.9990, 
and the pore-size distribution was calculated using the 
Barrett–Joyner–Halenda (BJH) model. The surface func-
tional groups were detected by a Fourier-transform infra-
red spectroscopy (FT-IR) spectrometer (Tensor 27, Bruker, 
Germany) equipped with a KBr beam splitter (KBr, FT-IR 
grade). The crystal structure of the CS-CABs was char-
acterized using X-ray powder diffraction (XRD) (6100, 
Shimadzu, Japan) diffractometer using CuK/radiation 
(40 kV, 100 mA, k = 1.5406 Å), wide angles were obtained 
in the 2θ range from 10 to 80, employing a scanning rate 
of 2°/min–1. Surficial hydrophobicity of CS-CABs was deter-
mined by contact angle (θ) measurements, which performed 
using a contact angle meter (DSA30, Kruss, Germany), 
and the samples were measured after pressed into tablet. 
The particle size distribution of CS-CABs was measured 
by dynamic laser particle sizer (MS2000, Malvern, Britain).

2.5. Adsorption experiments

A toluene adsorption measurement was performed as 
follows: 0.02 g of adsorbents (SiO2 aerogels beads, CNTs or 
0.4% CS-CABs) were added into a 250 mL conical flasks, 
respectively, and then 100 mL of solutions with toluene con-
tent in the range of 20–100 mg/L were added. The pH was 
adjusted to 7 by 0.1 mol/L of NaOH. After stirring until 
reaching adsorption equilibrium at 293, 313 or 333 K, 10 mL 
of solution was withdrawn and centrifuging at 6,000 rpm 
for 20 min. The supernatant was drawn as sample, and the 
absorbance of toluene (261 nm) solution was measured by 
UV-Vis spectrophotometer (UV-1800, China, Mapada). The 
saturated adsorption capacity of toluene was calculated 
according to the standard curve of toluene.

q
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where Co is the initial concentration (mg/L) and C is the equi-
librium concentrations (mg/L). V is the volume of the added 
solution (L), and m is the mass of the adsorbent used (g), 
qt is the amount of adsorbate (mg/g).

The equilibrium data of toluene aqueous solution 
adsorption on each samples at different temperatures 
were fitted. Langmuir and Freundlich isotherms are the 
two most commonly used models for liquid–solid adsorp-
tion systems. Langmuir adsorption isotherms are mainly 
based on the following two ideal assumptions: the adsorp-
tion process between adsorbate and adsorbent is similar 
to reversible chemical reaction, and adsorption is mainly 
monolayer adsorption; the adsorption heat is independent 
of the surface coverage and there is no interaction between 
the adsorbed molecules. The expression is as follows [39]:
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where Ce is the adsorbate concentration (mg/L) at equilib-
rium, qe (mg/g) is the solid-phase adsorbate concentration 

at equilibrium, qb is the Langmuir adsorption constant, and 
Q is the maximum adsorption capacity of adsorbent (mg/g).

The Freundlich isothermal adsorption model is based 
on assumption that adsorption occurs at specific adsorp-
tion sites or at surface support sites with variable adsorption 
capacity. The model assumes that strong bonds and sites are 
occupied first and that the bonding strength decreases as the 
surface sites are occupied. The expression is as follows [39]:

ln ln lnq K
n

Ce F e� �
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where Ce is the concentration (mg/L) at equilibrium of the 
adsorbate, qe (mg/g) is the equilibrium adsorption capacity 
of the adsorbent, n is the exponent Freundlich adsorption 
constant, KF is the proportionality Freundlich adsorption 
constant.

Adsorption kinetics [46] study was performed to inves-
tigate the relationship between adsorption rate and activa-
tion energy. It mainly describes the change of adsorption 
amount of pollutants on adsorbent/water phase over time. 
Here, pseudo-first-order kinetic and pseudo-second-order 
kinetics model were used as classical references.

Pseudo-first-order and pseudo-second-order kinetic 
expressions are shown as follows:

Q Q et e
kt� �� ��1  (4)

dQ
dt

K Q Qt
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where Qt is the adsorption capacity of CS-CABs at the 
adsorption time t, Qs and Qe are the saturated adsorption 
capacity, and K is the adsorption rate constant of the model, 
which characterizes the adsorption rate of the solute.

3. Results and discussion

3.1. Effect of CNTs addition on CS-CABs performance

The trends of density of CS-CABs with different CNTs 
content are illustrated in Fig. 2. The density of the CS-CABs 
is 289 kg/m3 without CNTs doping. It is obvious that den-
sity of the synthesized CS-CABs increased with the increase 
of dosing amount of CNTs. When the amount of CNTs 
is as high as 1%, the density of the CS-CABs is merely 
410 kg/m3, thus it could be still regarded as a light material.

It could be seen from Fig. 3 that the particle size of the 
CS-CABs was also increasing with the addition of CNTs, 
and the photographs taken by optical microscope of the 
CS-CABs corresponding to different additive amount of 
CNTs was embedded in Fig. 3. It demonstrates that the dop-
ing amount of CNTs has great influence on the morphol-
ogy of CS-CABs. When the CNTs content is 0.2%–0.8%, the 
particle size distribution of the CS-CABs is uniform and 
their sphericity is well enough. However, when the addi-
tion of CNTs reached up to 1%, the shape of CS-CABs is 
unable to maintain well spherical, due to the probable 
aggregation of CNTs.
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Moreover, the influence of the addition of CNTs on 
the particle size of CS-CABs is further analyzed. When sil-
ica aerogels dried under atmospheric environment, the 
change of surface tension would lead a collapse or shrink-
age of three-dimensional porous structure. However, as the 
content of CNTs was in the range of 0.4%–0.8%, the added 
CNTs could effectively prevent CS-CABs from collapse, 
and thus the particle size of the prepared bead would grow 
along with the increase of CNTs content.

The data of specific surface area, pore volume, pore 
diameter of CS-CABs with different CNTs doped are listed 
in Table 1. Among which, it could be seen that all these three 
parameters of un-doped silica aerogels beads are the small-
est. Compared with the un-doped ones, even a relative low 
CNTs content can effectively increase the specific surface 
area, pore volume and the pore size of the composite aero-
gels beads. It could demonstrate that CNTs can support the 
three-dimensional porous structure of aerogels beads, due 
to its excellent mechanical properties, and it is further ben-
eficial to the enhancement of the adsorption properties as 
a result. However, unlike the change trend of particle size, 

values of three aforementioned parameters first ascended 
and then descended with the addition of CNTs, with a crit-
ical content of CNTs of 0.4%. The possible reason is that 
agglomeration of extra CNTs in the inner porous struc-
ture of aerogels beads might block the pores, and result in 
the decrease of specific surface area, pore volume, and pore 
diameter. Even so, the specific surface area of the composite 
is still larger than that of the silica aerogels beads without 
CNTs. Data in Table 1 indicates that under the presence of 
the suitable amount of CNTs (especially 0.4%), the value of 
surface area, pore diameter and pore volume of the beads 
could reach 321 m2/g, 38.56 nm and 1.44 cm3/g, respectively.

The N2 adsorption and desorption isotherms of 0.4% 
CS-CABs at 77 K and the corresponding pore-size distri-
butions obtained by the BJH method are shown in Fig. 4. 
As shown in Fig. 4a, according to the IUPAC classifica-
tion [46], adsorption isotherm curves for 0.4% CS-CABs 
could be considered as type IV, which corresponded to 
the characteristic features of mesoporous materials [47]. 
Furthermore, the 0.4% CS-CABs showed similar isotherms 
(H1 type) and were comparable to supercritical/ambi-
ent pressure dried silica aerogels [39], indicating it pos-
sessed cylindrical pores [47]. And the larger the hysteresis 
loops, the more the cylinder pores in the aerogels network 

[39]. The N2 adsorption rate in the micropores increases 
slowly at low pressures (P/P0 < 0.1), but increases obvi-
ously for mesopores at higher P/P0 (0.1–0.8). Thus the N2 
adsorption result indicates the existence of a large num-
ber of mesopores inside the aerogel. The rapid rise of iso-
therm at high P/P0 (0.8–1.0) reveals the presence of a few 
macropores (>50 nm). In conclusion, micro-, meso- and 
macropores all exist in the 0.4% CS-CABs, and the size 
distribution of the contained pores ranges from 4 nm to 
117 nm, with a peak pore diameter appearing at 47 nm 
(Fig. 4b). Thus, the 0.4% CS-CABs have well-developed 
porous structures, and the mesopores is dominant.

3.2. Structural characterization of 0.4% CS-CABs

SEM was utilized to reveal the skeleton structure of 
beads. It could be seen from the Fig. 5b that compared with 
un-doped silica aerogels (Fig. 5a), the CNTs uniformly dis-
tributed on the surface of 0.4% CS-CABs. The CNTs sup-
ported the inner porous structure of silica aerogels beads, 
and the 0.4% CS-CABs exhibit loose and porous appearance 
(Fig. 5b). The model diagram of composite aerogels beads 

Fig. 2. Density of CS-CABs with different CNTs additions.

Fig. 3. Particle size of CS-CABs with different CNTs additions.

Table 1
BET surface area, pore volume, pore size, and porosity of 
CS-CABs

Doping 
amount (%)

Specific surface 
area (m2/g)

Pore volume 
(cm3/g)

Pore diameter 
(nm)

0 286 1.12 16.24
0.2 298 1.25 19.52
0.4 321 1.44 38.56
0.6 316 1.41 29.96
0.8 305 1.37 22.97
1.0 299 1.32 21.18
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is also shown in Fig. 5, the obtained aerogels are a three-di-
mensional bead with opening pores, consisting of tangled, 
fractal-like chains of spherical clusters of SiO2. The CNTs 
distribute uniformly on the surface and inner channel of 
the composite. Compared with the similar poly-HIPE mate-
rials, which possess similar bulk density and porosity to 
0.4% CS-CABs [45], the voids or pores inside the beads are 
smaller, which originates from the aforementioned fact that 
the voids are formed through the evaporation of aqueous 
part of the droplets, and has been confirmed by Fig. 5.

Fig. 6 shows the FT-IR spectra of modified 0.4% CS-CABs 
before and after heat-treated in N2 at 300°C. The peaks at 

1,074; 824 and 472 cm–1 correspond to the Si–O–Si bonds, 
which are the signature peaks of the silica network struc-
ture [40]. The peaks centered at 2,930~2,840 cm–1 assigned 
to terminal –CH3 groups, which are attributed to surface 
modified by TMCS [40]. Moreover, –CH3 groups did not 
decrease significantly in Fig. 6 after heat treatment, which 
demonstrated that 0.4% CS-CABs treated at 300°C can main-
tain its hydrophobic surficial nature. The strong peak of 
3,430 cm–1 related to –OH, the oxygen-containing functional 
groups formed by strong acid oxidation of carbon nano-
tubes. After heat treatment at 300°C, the –OH oxygen-con-
taining functional groups of the 0.4% CS-CABs significantly 
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Fig. 4. Nitrogen adsorption/desorption isotherms (a) and BJH pore-size distribution (b) of 0.4% CS-CABs the microscopic 
model diagram.

Fig. 5. Microstructure of silica aerogels beads and CS-ACMs.
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reduced, and the change indicates the reduction of CNTs-
COOH. It explains the improvement of the hydrophobic-
ity of the composite aerogels beads after heat-treatment, 
which is beneficial to toluene adsorption.

The X-ray diffraction (XRD) patterns of silica aerogels 
beads and 0.4% CS-CABs samples are presented in Fig. 7. 
The broad line centered at 18°–28° is attributed to the amor-
phous structure of the silica matrix. CNTs can be purified by 
oxidation [24], thus after oxidation by nitric acid and sulfu-
ric acid, the XRD pattern of CNTs is similar to that of silica 
aerogels beads [26] without any heterozygous peaks [24]. 

Therefore, there is only a wider diffraction peak between 
18°–28° in the 0.4% CS-CABs left after heat treatment.

Fig. 8 shows the particle size distribution curve of 0.4% 
CS-CABs. It can be seen that the composite aerogels beads 
mainly distributed at 60–120 μm, and reached the peak 
value at 86 μm. The results reveal that, when the content 

of CNTs is 0.4%, not only the spherical shape of CS-CABs 
can be maintained, but also the uniform particle size dis-
tribution can be obtained. Homogeneous beads would 
have smaller flow resistance, lower friction coefficient, 
better fluidity and more uniform load conditions, which 
made it conducive to the establishment of the calculation  
model [33–35].

Photography of contact angle of 0.4% CS-CABs are 
shown in Fig. 9. Hydrophobic silica aerogels exhibited strong 
adsorption capacity on slightly soluble organic compounds 
[6] due to the poor water solubility of toluene, and TMCS 
is used for its surface hydrophobic modification. The con-
tact angle of 0.4% CS-CABs before and after modification 
increases from 60° to 132°, which transfers its surface nature 
from hydrophilicity to hydrophobicity. The main reason 
is that mass of the hydrophobic –CH3 from TMCS replaces 
the native –OH of 0.4% CS-CABs surface. Hence, modified 
0.4% CS-CABs seems easier to affinity and adsorb organic 
from water. Besides, the surface modification will reduce 
the surface tension and prevent the pore from collapse 
in the drying process.

3.3. Characterization of adsorption properties of 0.4% CS-CABs

Adsorption isotherm is important for describing the 
interaction of solutes and adsorbent [15]. Fig. 10 presents 
the adsorption isotherm of CNTs, silica aerogels beads and 
0.4% CS-CABs in the toluene solution at different tem-
perature (293, 313 and 333 K). From a study of toluene 
adsorption at different concentrations and temperatures, 
the maximum capacity of the composites was found to be 
214 mg/g, which it is 1.2 and 1.4 times that of silica aero-
gels beads and CNTs, respectively. The optimum tempera-
ture was 293 K and the optimal composite composition was 
the aforementioned 0.4% CNT. Moreover, the adsorption 
capacity of adsorbent decreases with increasing tempera-
ture. The data of the adsorption capacity calculated from 
the residual toluene concentration were used to simulate the 
Langmuir and Freundlich isotherm separately. As is shown 
in Fig. 10, the experimental data are represented by solid 
symbols, the green solid line represents the data fitted by 
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Langmuir model, and the purple solid line represents the 
data fitted by Freundlich model. The corresponding opti-
mum parameters are listed in Tables 2 and 3. The correla-
tion coefficient (R2) presented in Table 2 reveal that all the 
adsorption isotherm curves of toluene can fit both Langmuir 

equation and Freundlich equation well. For 0.4% CS-CABs, 
the R2 of Freundlich equation is larger than that of Langmuir 
equation, which indicates that its heterogeneous surface 
adsorption [14] characterizes by progressive adsorption. 
In addition, the active sites on the surface of the composite 
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Fig. 10. Adsorption isotherms of toluene and isothermal adsorption models: (a) 293 K, (b) 313 K, and (c) 333 K.
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aerogels beads are continuously occupied, and the bonding 
strength to the adsorbent will gradually reduce, eventually 
reaching an adsorption equilibrium. The Freundlich expo-
nent 1/n between 0.1 and 1 indicates favorable adsorption 
and a high affinity of 0.4% CS-CABs for toluene. If ‘n’ is 
below 1, adsorption is a chemical process, otherwise is a 
physical process. Thus it is clear that this adsorption is a 
physical process here [14]. The value of qm, which is defined 
as the maximum capacity of adsorbent, has been calculated 
from the Langmuir plot, and was consistent with the mea-
sured one. Such excellent adsorption properties prove that 
a certain amount of doped CNTs can improve the adsorp-
tion performance of aerogels beads. The possible reasons 
lay on that through the surface modification, CS-CABs 
exhibited strong hydrophobicity, which was beneficial for 
binding toluene in aqueous solution. Furthermore, the 
CNTs and toluene also tend to combine in the form of π–π  
interaction, which enhances the binding ability of the 
CS-CABs with toluene. Therefore, the doping of CNTs not 
only increased the pore size, pore volume and specific 

surface area of aerogels, but also greatly enhanced the 
adsorption properties of the materials [6].

Furthermore, kinetics study on toluene adsorption was 
carried out, and the classical kinetic models pseudo-first- 
order [Eq. (4)] and pseudo-second-order [Eq. (5)] models were 
applied to fit these obtained adsorption processes, which is 
helpful to determine the nature of adsorption mechanisms 
and the efficiency of adsorbent in removing pollutants.

The experimental data, kinetic model curves, and equa-
tion parameters are provided in Fig. 11 and Table 4. It can 
be observed from the fitting curves that compared with the 
pseudo-second-order model, the pseudo-first-order model 
fitted better with the experiment results, which can also be 
confirmed by its R2 value which is closer to 1, indicating 
that physical-adsorption controls the adsorption of tol-
uene on mesoporous 0.4% CS-CABs materials [46]. In all 
adsorbent cases, three steps are observed: (a) the first step, 
where a rapid adsorption appeared within 1 h of contact 
time; (b) the second-step, where a progressive adsorption 
occurred thereafter; (c) the adsorbed amount remained 
constant after about 6 h of contact time, implying the 
arrival of equilibrium. During the initial adsorption stage, 
the adsorbent can quickly enter into the internal pores 
of the material. With the extension of time, the diffusion 
distance of the adsorbent into the material increases. In 
addition, the part occupation of active sites cause that the 
resistance of the diffusion process increases continuously. 
The two factors mentioned above together contribute to 
the decline of the adsorbing rate.
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Fig. 11. Pseudo-second-order model.

Table 2
Parameters of the Langmuir equation for the adsorption of 
toluene

Sample Temperature 
(K) q q

K C
K Ce
L e

L e

�
�max 1

qmax (mg/g) KL (L/mg) R2

CNTs
293 148.8168 0.0091 0.9826
313 143.3898 0.0084 0.9953
333 137.7384 0.0082 0.9959

SiO2 aerogels 
beads

293 181.1558 0.0258 0.9694
313 161.4452 0.0252 0.9986
333 156.0323 0.0251 0.9991

0.4% CS-CABs
293 214.9526 0.0312 0.9913
313 199.8931 0.0311 0.9877
333 192.0581 0.0302 0.9635

Table 3
Parameters of the Freundlich equation for the adsorption of 
toluene

Sample Temperature 
(K)

ln ln lnq K
n

Ce F e� �
1

KF (L/mg) 1/n R2

CNTs
293 3.1961 0.6772 0.9670
313 2.7825 0.6903 0.9806
333 2.5724 0.6950 0.9844

SiO2 aerogels 
beads

293 17.3342 0.4436 0.9096
313 15.1108 0.4472 0.9807
333 14.5299 0.4480 0.9804

0.4% CS-CABs
293 26.2962 0.4012 0.9699
313 24.3972 0.4018 0.9977
333 22.5864 0.4083 0.9976

Table 4
Adsorption kinetics parameters

Adsorbate Pseudo-first-order 
dynamics

Pseudo-second-order 
dynamics

K (×10–4 min–1) R2 K (min–1) R2

Toluene 7.4067 0.9576 0.0565 0.99764
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4. Conclusion

In summary, we prepared one kind of CNTs/silica com-
posite aerogels beads CS-CABs, with silica sol as precursor 
and CNTs as dopant, by a W/O emulsion method through 
a sol–gel process. The results show that the morphology of 
CS-CABs is influenced by the doping of CNTs: when the 
doping amount is 0.4%, 0.6% or 0.8%, the CS-CABs show 
a globule structure with a uniform particle size. While the 
doping amount is 0.2% or 1%, the sample structure is irreg-
ular. When the doping amount is 0.4%, the bulk density, 
specific surface area, and average pore diameter reach max-
imum of 320 kg/m3, 321 m2/g and 38.56 nm, respectively. 
The maximum saturated adsorption of 0.4% CS-CAB for 
toluene in the aqueous solution at 293 K reaches 214 mg/g, 
which is 1.2 and 1.4 times that of silica aerogels beads and 
CNTs, respectively. It is attributed to the π–π interactions 
between the doped CNTs and toluene, the affinity for tolu-
ene of the hydrophobic modified functional group, and the 
large pore size and specific surface area of 0.4% CS-CAB. 
The adsorption process, which conforms to the Freundlich 
isothermal adsorption model and the quasi-first-order 
kinetic model, is mainly physical adsorption.
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