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 In this study, nanoporous silica aerogel and silica aerogel-activated 
carbon composites have been synthesized using a water glass 
precursor by a cost-effective ambient pressure drying method. 
Equilibrium and kinetics of benzene and ethylbenzene adsorption on 
silica aerogel and its composites have been measured in a batch mode 
at three weights of adsorbent. For the first time, the experimental data 
have been found to fit the intra-particle diffusion model for 
determining diffusion coefficients. The saturation adsorption capacities 
of benzene and ethylbenzene vapors were 2033 mg.g-1 and 458 mg.g-1, 
respectively. The components uptake curves have been described by 
mathematical models of pseudo-first-order and pseudo-second-order 
models. It has been found that the pseudo-first-order model fits the 
experimental data better than the pseudo-second-order model. Also, 
the pseudo-second-order model could be used for modeling of benzene 
adsorption over silica aerogel and silica aerogel-2 % wt activated 
carbon composite at the beginning of adsorption process. The diffusion 
coefficients of benzene and ethylbenzene within the silica aerogel were 
in the range of 2.16 × 10−14 - 6.66 × 10−13 m2.s-1 and 3.65 × 10−13 - 
1.95 × 10−12 m2.s-1, respectively. 

  

Keywords: 
Adsorption Kinetic, 
Diffusion Coefficient, 
Equilibrium Adsorption 
Capacity, 
First-Order and Second-
Order Model, 
Silica Aerogel 

 

1. Introduction 
One of the main sources of air pollution is 
industrial activities. Volatile organic 
compounds (VOCs) are the common air 
pollutants resulting from industrial activities 
such as chemical, petrochemical, and related 
industries as well as motor vehicles [1-3]. 
BTEX is a part of VOCs easily volatilized 
and released into the environment because of 
their high vapor pressure [4]. VOCs, 

especially BTEX, are hazardous to human 
health, plants, and vegetation [5] and cause 
serious environmental problems such as the 
destruction of the ozone layer, photochemical 
smog, and global warming [6, 7]. Therefore, 
it is necessary to control and prevent these 
components emission [2]. Adsorption 
techniques are extensively used for the 
removal of VOCs, especially in gas/liquid 
pollutants with low concentrations [7, 8]. 
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These techniques are inexpensive to fabricate 
and need simple equipment for removing 
VOCs from gaseous streams [5]. Up to 2008, 
approximately 10 % of the pollution 
abatement units are based on adsorption. 
Now, this percentage has increased to attain 
strict control over VOCs releases set by the 
laws [9]. In the adsorption process, the most 
important parameter is the selection of 
appropriate adsorbents with sufficient 
efficiency for VOCs removal largely 
dependent on the chemical nature of the 
gaseous stream containing adsorbate [10]. 
Microporous [11] and mesoporous [12] 
adsorbents, such as activated carbon [13, 14], 
activated carbon fibers [15], zeolites [16], 
porous clay ore [17], activated alumina [18], 
silica gel [19-21], and/or molecular sieve 
adsorbents, have been mostly used to remove 
VOCs [8, 22]. However, in practice, common 
porous materials meet some disadvantages 
such as low adsorption capacity, 
flammability, slow adsorption kinetic, and 
other problems related to regeneration [8]. 
Therefore, in the adsorption process, attention 
is given to the selection of adsorbent with 
high adsorption capacity, fast kinetics, and the 
possibility of regeneration [8, 17]. Aerogels 
show some extraordinary and unique 
properties such as high specific area (500-
1200 m2g-1) [23], high porosity (80-99.8 %) 

[24], low density (0.08 gcm-3) [25], high 
thermal insulation (0.043 Wm-1K-1) [26], low 
dielectric constant [27], open pore 3-D 
network [28], and controllable porous 
dimensions on the nanometer scale [29]. 
These prominent properties make them useful 
materials for several applications in both 
science and technology such as thermal 
insulation [30], filters for removal of toxic 
compounds [31, 32], as supports for inorganic 
nanoparticles [33], acoustic insulation [34], 

space engineering [34, 35], humidity sensor 

[36, 37], wastewater treatment [38, 39], and 
adsorption because of high specific area and 
high porosity [40, 41]. Silica aerogels are 
used in the adsorption process because of 
high-rate and high-capacity adsorption for 
VOCs, especially BTEX pollutant. In spite of 
the widespread applications of silica aerogels, 
their fragility, brittleness, and weak 
mechanical strength, their applications are 
limited in various fields such as adsorption 
and thermal insulation [6, 42]. Therefore, it is 
expected that the addition of activated carbon 
to the aerogel matrix reinforces aerogel 
network, and the resulting silica aerogel-
activated carbon composites may improve the 
adsorption performance of the adsorbent and, 
accordingly, reduce the cost [6]. In order to 
study comprehensively, adsorption 
performance and mechanism of fixed-bed or 
any other flow-through systems depending on 
the physical and chemical properties of the 
adsorbent, thermodynamic, and kinetic 
aspects must be considered [43, 44]. 
Furthermore, the modeling of adsorption 
processes is required to obtain an 
understanding of the dominant phenomenon 
and, consequently, designing of the process 
[45]. There are several mathematical models 
that are classified as adsorption reaction 
models and adsorption diffusion models. 
These two models are applied to describe the 
kinetics of the adsorption process in spite of 
the difference in its nature [43]. The two 
common and simplest mathematical models 
for describing the interactions of adsorbate-
adsorbent and adsorption kinetic behaviors 
are pseudo-first-order and pseudo-second-
order models [44]. Adsorption diffusion 
models are based on three sequential steps (1) 
diffusion across the external boundary layer 
surrounding the adsorbent; (2) intra-particle 
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diffusion and/or diffusion along the pore 
walls; (3) adsorption and desorption of 
adsorbate [43]. The diffusion coefficient of 
adsorbate is one of the factors that affects the 
intensity of adsorption, which has a 
relationship with physical properties of VOCs 
such as molecular size, and depends on the 
microstructure of VOCs such as pore size [46, 
47]. The adsorption capacity of adsorbent is 
also significant for the pilot application 
besides kinetic behavior [43]. There are three 
methods for the measurement of adsorption 
capacity (adsorption isotherm) [48]: 

1. Static volumetric method [49, 50] 
2. Dynamic column method [40, 51] 
3. Gravimetric method [8] 

   There is limited information in the literature 
relating to kinetic adsorption and diffusion 
coefficients of silica aerogel and silica 
aerogel-activated carbon composites. 
Therefore, in the present study, after synthesis 
of nanometer silica aerogel and silica aerogel-
activated carbon composite using a water 
glass precursor by the ambient pressure 
drying method, the adsorption capacity of 
synthesized samples was determined by the 
gravimetric method. Then, pseudo-first-order 
and pseudo-second-order models were 
selected to study the static adsorption rate 
behavior (adsorption kinetic), and the intra-
particle diffusion model or homogeneous 
solid diffusion model (HSDM) was adopted 
to measure the diffusion coefficient of 
benzene and ethylbenzene on silica aerogel 
and silica aerogel-activated carbon 
composites. 

2. Experimental Procedure 
2.1. Sample preparation 
Silica aerogels were produced by a two-step 
sol-gel process followed by the ambient 

pressure drying. The precursor used for the 
preparation of hydrogels was water glass 
(purchased from Merck). TMCS and ion 
exchange resin, including Amberlite IR 120 
H+, were purchased from Merck. Other 
agents such as isopropyl alcohol (IPA), 
ammonium hydroxide solution (1.0 M), and 
n-hexane were kindly provided by Dr. 
Mojallali Chemical Complex Co. The 
procedure of silica aerogel production was 
completely reported in previous work by our 
research team [40]. 

2.2. Methods of characterization 
The apparent density of the aerogel was 
measured based on the mass and volume. The 
volume of powdery aerogels was obtained by 
filling the powders into a graduated cylinder 
and tapping them at a constant speed. The 
mass of aerogels was measured by an 
accurate balance. A scanning electron 
microscope (SEM: JSM-6700F) was used to 
observe the microstructure and morphology 
of the aerogel samples. The specific surface 
areas, total pore volumes, and the pore 
diameters of aerogel samples were 
determined by nitrogen physisorption at -196 
ºC using a BET (Belsorb mini II) surface 
analyzer. Fourier transform infrared 
spectroscopy (FTIR, 4600 Unicam) was 
employed to confirm the existence of –OH, 
Si–OH, Si–O–Si, Si–C, and C–H bonds in the 
wave number range of 400 to 4000 cm-1. 

2.3. Adsorption isotherms and diffusion 
coefficients determination 
Static adsorption kinetics and equilibrium 
adsorption capacity of the aerogels were 
determined using a  Professional Analytical 
Balance (Mettler AT261) at three weights of 
0.01, 0.02, and 0.04 g. A certain amount of 
adsorbent was exposed to benzene and 

https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=2&cad=rja&uact=8&ved=0ahUKEwii0b3OlbjRAhXG0xoKHcm1CSEQFggjMAE&url=http%3A%2F%2Fwww.exportersindia.com%2Fdr-mojallali-chemical%2F&usg=AFQjCNGFYDawgHFQiBrUG9947dbcMNAeIg
https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=2&cad=rja&uact=8&ved=0ahUKEwii0b3OlbjRAhXG0xoKHcm1CSEQFggjMAE&url=http%3A%2F%2Fwww.exportersindia.com%2Fdr-mojallali-chemical%2F&usg=AFQjCNGFYDawgHFQiBrUG9947dbcMNAeIg
https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&cad=rja&uact=8&ved=0ahUKEwiByeOU1rrRAhUTdVAKHZlOBGoQFggnMAA&url=https%3A%2F%2Fwww.artisantg.com%2Finfo%2Fmettler_at261_manual.pdf&usg=AFQjCNEUOIudsQqgI_D24j1JK2KsmBcq4w
https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&cad=rja&uact=8&ved=0ahUKEwiByeOU1rrRAhUTdVAKHZlOBGoQFggnMAA&url=https%3A%2F%2Fwww.artisantg.com%2Finfo%2Fmettler_at261_manual.pdf&usg=AFQjCNEUOIudsQqgI_D24j1JK2KsmBcq4w
https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&cad=rja&uact=8&ved=0ahUKEwiByeOU1rrRAhUTdVAKHZlOBGoQFggnMAA&url=https%3A%2F%2Fwww.artisantg.com%2Finfo%2Fmettler_at261_manual.pdf&usg=AFQjCNEUOIudsQqgI_D24j1JK2KsmBcq4w
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ethylbenzene vapors in a special container. 
The absorbent weight change by the 
absorption of benzene and ethylbenzene 
vapors was measured over time with an 
intelligent balance of 10- 5 g accuracy. 
   Then, the obtained adsorption isotherms fit  
the theoretical fractional approach to 
equilibrium [47] described by Equation (1) 
(intra-particle diffusion model or 
homogeneous solid diffusion model) for 
determining adsorbate-adsorbent diffusion 
coefficients. 

mt

m∞
= 1 −

6
π2
�

1
n2

exp �−
n2π2Dc t

rc2
� (1) 

where mt is the amount of adsorbate (g) 
adsorbed at time t, m∞ is the amount of 
adsorbate (g) adsorbed after lapse of infinite 
time (when the adsorbents were saturated 
with adsorbate), Dc is the diffusion coefficient 
(m2. s−1), rc is the radius of adsorbent 
particles (m), and t is the lapse of time (s). In 
Equation (1), Dc  is assumed to be 
independent of adsorbate concentration, and 
adsorbents are supposed as approximately 
spherical particles [47]. Experimental kinetic 
data of benzene and ethylbenzene adsorption 
were also compared with pseudo-first-order 
and pseudo-second-order models of 
adsorption of gases. Before the experiments, 
each sample was degassed at 120 ºC for 4 h.  
All the experiments were replicated with three 
adsorbents for two pollutants (benzene and 
ethylbenzene) at room temperature. 

2.4. Adsorption kinetic 
Adsorption and desorption kinetics are 
significant in actual processes [6] and are 
studied for an investigation of a rate-
controlling step. The rate-controlling step 
relies upon the adsorbent, adsorbate, and 
solution specifications. Generally, important 
factors in the adsorption process are adsorbent 

particle size, adsorbate concentration, mixing 
quality, interaction between adsorbate and 
adsorbent, and adsorbate diffusion 
coefficients [52]. Intra-particle diffusion is the 
rate-controlling step of adsorption in 
processes containing adsorbent with large 
particle size, the high concentration of 
adsorbate, and low adsorbent-adsorbate 
interaction [52]. In physisorption processes, 
linear driving force (LDF) interprets intra-
particle mass transfer [52]. The pseudo-first-
order model (linear driving force model) is 
used for the prediction of adsorption kinetics 
of several gases or vapors on activated 
carbons, crystalline compounds, carbon 
molecular sieves, and silica mesoporous 
materials such as silica aerogel [6]. The LDF 
model pertaining to the adsorption rate is 
described by the following equation: 

qt=qe(1 − e−kft) (2) 

where qe (mmol. g−1) and qt (mmol. g−1) 
represent the amounts of benzene and 
ethylbenzene adsorbed at equilibrium and at a 
given point of time, respectively. kf (s−1) is 
the first-order rate constant [43]. According to 
the point of view of the second-order kinetic 
model, the rate-controlling step is chemical 
interactions such as strong covalent bonding 
between gas and adsorbent surface [44, 52]. 
This model is given by the following 
expression: 

qt = qe2kst
1+qekst

  (3) 

where ks (g . mmol−1s−1) is the second-order 
rate constant [44]. 
   The validity of the fit of experimental data 
with kinetic models was approximated by the 
following error function: 

Δq(%) = �
∑[

qexp − qmodel
qexp

]2

N − 1
∗ 100 (4) 
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where Δq(%) is the normalized standard 
deviation, qexp and qmodel  are the 
experimental and theoretical amounts of 
benzene and ethylbenzene adsorbed, and N is 
the number of data in each isotherm [44]. 

3. Results and discussion 
3.1. Properties of synthesized samples 
The structural properties of synthesized 
samples are listed in Table 1. This table 
shows that the synthesized samples are 
nanostructured and mesoporous (2-50 nm). 
As shown in Table 1, the addition of activated 
carbon in the silica aerogel matrix leads to the 
decrease of specific surface area and increase 

of average pores diameter, density, and 
volume of total pores. The specific surface 
area of pure silica aerogel is greater than that 
of silica aerogel-activated carbon composites. 
Specific surface area has a reverse 
relationship with density and pore size 
distribution. Hence, pure silica aerogel has the 
greatest specific surface area. Silica aerogel-
activated carbon composite has higher density 
than pure silica aerogel, and this property 
increases with the addition of activated 
carbon in the silica aerogel matrix, because 
the density of activated carbon is higher than 
that of pure silica aerogel. 

 

 
   Figures 1 and 2 show SEM images and the 
pore size distribution (PSD) profiles of the 
silica aerogel and silica aerogel-activated 
carbon composites synthesized by an ambient 
pressure drying (APD) method, respectively. 
Figure 1 exhibits the porous network 
structure, which contains spherical solid 
clusters, pores below 100 nm, and the 
uniform particle distribution of samples. The 
particles size of composites is greater than 
that of pure silica aerogel. Therefore, it can be 
mentioned that the surface modification 
reaction in the composites is completely done. 

   A noticeable change has been observed in 
the PSD profiles of the silica aerogel and 
silica aerogel-activated carbon composites. 
Based on Figure 2, it is known that 
synthesized samples contain mesopores (2–50 
nm pores) and macropores (above 50 nm). 
Most pores of silica aerogel were mesopores 
(below 20 nm), and the peak of its smallest 
pore was 8nm, whereas most pores of silica 
aerogel composites were mesopores (below 
about 30 nm) and the peak of their smallest 
pore was 16 nm. 

 

Table 1 
Structural properties of synthesized adsorbents. 

Density (𝐠𝐠𝐜𝐜𝐜𝐜−𝟑𝟑) Volume of total 
pores (𝐜𝐜𝐜𝐜𝟑𝟑𝐠𝐠−𝟏𝟏) 

Average pores 
diameter (nm) 

B.E.T. surface 
area (𝐦𝐦𝟐𝟐𝐠𝐠−𝟏𝟏) Adsorbent 

0.16 2.11 19.72 427.16 Silica aerogel 

0.22 2.64 29.51 358.4 Silica aerogel-2 % wt 
activated carbon composite 

0.18 2.91 32.38 360.1 Silica aerogel-0.5 % wt 
activated carbon composite 
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(a) (b) 

 
(c) 

Figure 1. SEM images of (a) silica aerogel, (b) silica aerogel-0.5 % wt activated carbon composite, and (c) 
silica aerogel-2 % wt activated carbon composite. 

 

  
(a) (b) 

 
(c) 

Figure 2. Pore size distribution of the water glass based (a) silica aerogel, (b) silica aerogel-0.5 % wt 
activated carbon composite, and (c) silica aerogel-2 % wt activated carbon composite dried at an ambient 

pressure. 
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In surface modification reaction, -Si−(OH)3 

groups are replaced with nonpolar stable -
Si−(CH3)3 groups. Because of the existence of 
a repulsive force between -Si−(CH3)3 groups, 
the volume of gels increases (‘‘spring back’’ 
phenomenon), and pores of gels become 
greater [53]. The average pore diameter of 
composites is greater than that of pure silica 
aerogel. Therefore, surface modification 
reaction in the samples containing activated 
carbon is completely done, and the number of 
-Si−(CH3)3 groups in composite is more than 
that of pure silica aerogel. The FTIR analysis 
shows this fact too. Figure 3 shows the FTIR 
analysis of synthesized samples. This figure 
represents that the peaks of 3500 cm−1 and 

1600 cm−1correspond to the O–H groups. 
The peaks at around 1100 and 800 cm−1 are 
due to SiO2 groups [6, 53]. The absorption 
peaks of −CH3 at 846, 1256, and 
2963 cm−1 are related to the surface 
modification agent of TMCS [54]. 
   Based on this figure, the intensity of O–H 
peak in synthesized samples changes in order 
of silica aerogel> silica aerogel-0.5 % wt 
activated carbon composite > silica aerogel-2 
% wt activated carbon composite. Thus, 
surface modification reaction in the silica 
aerogel-activated carbon composites was 
completely done, and the hydrophobicity of 
composites increased with an increment of 
activated carbon in the silica aerogel matrix. 

 

 
Figure 3. FTIR spectra of synthesized samples. 

 
3.2. Adsorption isotherms 
Figures 4 and 5 show the adsorption 
isotherms (increment of adsorbent weight 
with lapse of time) of benzene and 
ethylbenzene over silica aerogel, silica 
aerogel- 2 % wt activated carbon composite, 
and silica aerogel- 0.5 % wt activated carbon 
composite at three adsorbent weights of 0.01, 
0.02, and 0.04 g, respectively. It is evident 
that the saturation time of adsorbents and 
amount of adsorbate increase with an 
increment of the amount (weight) of used 
adsorbent; however, equilibrium adsorption 
capacity (adsorbate (mg)/adsorbent (g)) 

decreases approximately (also, see Tables 4 
and 5). The adsorption process is proportional 
to the total pore volume of adsorbent and 
available surface area for adsorbate. 
Therefore, by increasing the amount of used 
adsorbent, the saturation time and amount of 
adsorbate increase. The decrease of 
equilibrium adsorption capacity depends on 
the diffusion phenomenon and the rate-
controlling step. 
   The effect of these phenomena is presented 
at the end of this part and the next part 
(Comparison of Kinetic Models). 
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Figure 4. Benzene adsorption isotherms over (a) silica aerogel, (b) silica aerogel-0.5 % wt activated 

carbon composite, and (c) silica aerogel-2 % wt activated carbon composite at three adsorbent weights of 
0.01, 0.02, and 0.04 g. 

 
The results also show that the amount of 
ethylbenzene adsorption over silica aerogel 
and its composites is less than that of 
benzene. The presence of alkyl bond in the 
ethylbenzene structure causes that 
ethylbenzene diffusion and adsorption over 
silica aerogel and its composites becomes 
limited. Also, there is a limited interaction 
between adsorbent and adsorbate because of 
the existence of alkyl bond in ethylbenzene 
and methyl bond in silica aerogel and its 
composites, resulting in the reduction of 
ethylbenzene adsorption. According to Figure 
5, it can also be observed that, in 
ethylbenzene adsorption, in spite of other 
trends, the saturation time of high-quantity 
silica aerogel-0.5 % wt activated carbon 
composite (0.04 g) is less than that of low-

quantity silica aerogel-0.5 % wt activated 
carbon composite (0.01 and 0.02 g). This 
inconsistency is associated with non-
uniformity of synthesized adsorbents and 
different adsorbents of major sizes. These 
facts result in major diffusion coefficient of 
ethylbenzene for adsorbent with high-quantity 
and cause the reduction of saturation time. In 
the ideal adsorption process and in constant 
operational conditions, the equilibrium 
adsorption capacity of adsorbents must be the 
same at different weight quantities of 
adsorbents, because the equilibrium 
adsorption capacity is one of the adsorbent 
characteristics. However, in this work, 
equilibrium adsorption capacity has changed 
by changing adsorbent quantity in the 
constant conditions of the experiment. The 
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reasons of this change are associated with the 
distribution of adsorbent particles, different 
sizes, and accumulation of adsorbent particles 
in the experimental container, limiting the 
access of adsorbate molecules to adsorbents 
and leading to the reduction of diffusion 
coefficient and equilibrium adsorption 
capacity. Therefore, in high-scale adsorption 
processes (semi-industrial and industrial), the 
amount of adsorbent must be optimized, and 
the conditions and equipment of the process 
should be adjusted until all of adsorbent 

particles become accessible for adsorbate. 
The results show that silica aerogel has the 
highest adsorption capacity of benzene and 
ethylbenzene vapors. Also, a comparison of 
molecular size of benzene and ethylbenzene 
(2.798 nm and 5.318 nm, respectively) and 
the pore size of synthesized aerogels (see 
table 1) shows that silica aerogels and silica 
aerogel-activated carbon composites are 
suitable adsorbents for adsorption of volatile 
organic compounds, especially benzene and 
ethylbenzene. 

 

  

 
Figure 5. Ethyl benzene adsorption isotherms over (a) silica aerogel, (b) silica aerogel-0.5 % wt activated 
carbon composite, and (c) silica aerogel-2 % wt activated carbon composite at three adsorbent weights of 

0.01, 0.02, and 0.04 g. 
 
3.3. Comparison of kinetic models 
Figures 6 and 7 show the amount of adsorbate 
versus time and the corresponding profiles 

predicted by pseudo-first- and pseudo-second- 
order models for benzene and ethylbenzene 
adsorption over silica aerogel- and silica 
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aerogel-activated carbon composites, 
respectively. Generally, the adsorption 
process consists of four sequential steps: (i) 
the adsorbate transfers from the bulk to the 
external film around the adsorbents; (ii) the 
adsorbate overcomes the external film 
resistance and transfers across the boundary 

layer; (iii) the adsorbate overcomes micropore 
resistance and diffuses into the pores; (iv) 
adsorption and desorption between the 
adsorbate and active sites. The entire process 
may be controlled by one of the mentioned 
steps, or by a combination of them [52]. 

 

  

 
Figure 6. Pseudo-first-order and pseudo-second-order fits for benzene adsorption over (a) silica aerogel, 

(b) silica aerogel-0.5 % wt activated carbon composite, and (c) silica aerogel-2 % wt activated carbon 
composite. 
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Figure 7. Pseudo-first-order and pseudo-second-order models fit for ethylbenzene adsorption over (a) 

silica aerogel, (b) silica aerogel-0.5 % wt activated carbon composite, and (c) silica aerogel-2 % wt 
activated carbon composite. 

 
Based on Figures 6 and 7, it is evident that 
adsorption kinetics of benzene and 
ethylbenzene over silica aerogel and silica 
aerogel-activated carbon composites follow 
the pseudo-first-order model, approximately. 
So, in benzene and ethylbenzene adsorption 
over silica aerogel and its composites, 
diffusion through porosity with a size similar 
to that of adsorbate or surface diffusion 
barrier is the rate-controlling step. Based on 
Table 2, it can be observed that the deviation 
of experimental q values from q values 
calculated by the pseudo-first-order model for 
benzene adsorption over silica aerogel and 
silica aerogel-2 % wt activated carbon 
composite is more than those calculated by 

the pseudo-second-order model. Because the 
adsorption mechanism works differently at 
the beginning of the adsorption process and 
the rate-controlling step is chemical 
interactions leading to binding of gas to the 
adsorbent surface by strong covalent bonding. 
Therefore, the pseudo-second-order model 
must be applied to modeling the beginning of 
the silica aerogel and silica aerogel-2 % wt 
activated carbon composite adsorption. The 
kinetic parameters provide information about 
designing and modeling the adsorption 
process. These parameters are determined for 
pseudo-first-order and pseudo-second-order 
models by nonlinear regression. 

 

Table 2 
Accuracy of the fit of the kinetic models. 

Pseudo-second-order 
model, 𝚫𝚫𝚫𝚫𝐬𝐬 (%) 

Pseudo-first-order 
model, 𝜟𝜟𝜟𝜟𝒇𝒇 (%) Adsorbent Adsorbate 

36 63 Silica aerogel 

Benzene 
34 55 Silica aerogel-2 % wt 

activated carbon composite 

21 10 Silica aerogel-0.5 % wt 
sctivated carbon composite 

15 4 Silica aerogel 

Ethyl 
benzene 

15 9 Silica aerogel-2 % wt 
activated carbon composite 

18 4 Silica aerogel-0.5 % wt 
activated carbon composite 
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According to Table 3, the pseudo-first-order 
and -second-order model parameters of 
ethylbenzene are greater than those of 
benzene. Because the molecular weight of 
ethylbenzene is larger than that of benzene 
and quickly moves from the bulk solution to 
the boundary layer surrounding the adsorbent 
particles. Also, the interaction between ethyl 
group of ethylbenzene structure and 
functional groups of silica aerogel and its 
composites leads to major parameters 

(kf and ks ) for ethylbenzene adsorption 
kinetic. It is evident that the saturation time of 
ethylbenzene adsorption is less than that of 
benzene adsorption because of the major 
adsorption rate constant of ethylbenzene. As 
shown in Table 3, benzene and ethylbenzene 
have the greatest adsorption rate constant over 
silica aerogel- 0.5 % wt activated carbon 
composite. Because silica aerogel- 0.5 % wt 
activated carbon composite has the greatest 
average pore diameter. 

 

 
3.4. Diffusion coefficient of benzene and 
ethylbenzene 
Tables 4 and 5 list the diffusion coefficients, 
saturation time, and equilibrium adsorption 
capacity for benzene and ethylbenzene, 
respectively. It is evident that benzene and 
ethylbenzene diffusion coefficient in 
adsorbents changes in order of silica aerogel- 
0.5 % wt activated carbon composite> silica 
aerogel- 2 % wt activated carbon composite> 
silica aerogel. This result can be explained by 
the procedure of changing of adsorbent pores 
average diameter. The pore average diameter 
of adsorbents changes in the order of silica 
aerogel- 0.5 % wt activated carbon 
composite> silica aerogel- 2 % wt activated 

carbon composite> silica aerogel. Therefore, 
the procedure of changing diffusion 
coefficient is the same as that of the pore 
average diameter. In addition, the diffusion 
coefficient can be directly related to the 
adsorption kinetic since the procedure of 
changing benzene diffusion coefficient 
approximately matches the procedure of 
benzene adsorption kinetic. 
   Therefore, diffusion coefficient depends on 
both adsorbent structure and adsorption 
kinetic. The description of equilibrium 
adsorption capacity and saturation time of 
adsorbents is presented in the Adsorption 
Isotherms section. It can be observed from 
Tables 4 and 5 that diffusion coefficient 

Table 3 
Adsorption rate constants. 

Second-order rate 
constant, 𝐤𝐤𝐬𝐬 (g mmol-1s-1) 

First-order rate 
constant, 𝐤𝐤𝐟𝐟 (s-1) Adsorbent Adsorbate 

0.00014 0.007 Silica aerogel 

Benzene 
0.00023 0.005 Silica aerogel-2 % wt 

activated carbon composite 

0.00039 0.007 Silica aerogel-0.5 % wt 
activated carbon composite 

0.0048 0.01 Silica aerogel 

Ethyl 
benzene 

0.0107 0.012 Silica aerogel-2 % wt 
activated carbon composite 

0.0160 0.014 Silica aerogel-0.5 % wt 
activated carbon composite 
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decreases with an increment of the amount of 
adsorbent. By increasing the amount of 
adsorbent, adsorbent particles accumulate on 
each other and diffusion resistance increases; 

thus, the diffusion coefficient decreases. Also, 
it is evident that diffusion coefficient of 
ethylbenzene is greater than that of benzene. 

 

Table 4 
Saturation time of adsorbent, equilibrium adsorption capacity, and diffusion coefficient for benzene. 

Adsorbent with 
different weights (g) 

 
Saturation 
time (min) 

Amount of 
adsorbate 

(mg) 

Equilibrium 
adsorption 

capacity (mg g-1) 

Diffusion coefficient 
(m2 s-1) 

Silica aerogel 
0.01 210 23 2300 2.6 E-13 
0.02 390 40 2000 7.11 E-14‒ 6.66 E-13 
0.04 480 72 1800 2.16 E-14‒ 5.64 E-13 

Silica aerogel-2 % wt 
activated carbon 

composite 

0.01 270 21 2100 5.64 E-12 
0.02 345 32 1600 3.55 E-12 
0.04 420 69 1725 8.5 E-13‒2.86 E-12 

Silica aerogel-0.5 % 
wt activated carbon 

composite 

0.01 210 12 1200 5.58 E-12‒1.4 E-11 
0.02 450 21 1050 5.8 E-12‒1.1 E-11 
0.04 510 49 1225 5.54 E-12‒1.27 E-11 

 
 

Table 5 
Saturation time of adsorbent, equilibrium adsorption capacity, and diffusion coefficient for ethyl benzene. 

Adsorbent with 
different weights 

(g) 
 

Saturation 
time (min) 

Amount of 
adsorbate 

(mg) 

Equilibrium 
adsorption 

capacity (mg g-1) 

Diffusion coefficient 
(m2 s-1) 

Silica aerogel 
0.01 285 7 700 3.65 E-13 
0.02 180 7.5 375 1.95 E-12‒ 9.78 E-13 
0.04 300 12 300 6.26 E-13 

Silica aerogel-2 % 
wt activated carbon 

composite 

0.01 120 2.5 250 1.78 E-11 
0.02 120 5 250 1.76 E-11 
0.04 180 8 200 7.34 E-12 

Silica aerogel-0.5 % 
wt activated carbon 

composite 

0.01 120 5 500 1.98 E-11 
0.02 180 6 300 5.5 E-12‒1.82 E-11 
0.04 120 8 200 2.5 E-12 

 

   Adsorption of benzene on silica aerogel and 
its composites is of a mono layer, and 
adsorbate molecules are often adsorbed on 
active sites of adsorbent surface. However, in 
the absorption of ethylbenzene, due to the 
poor interaction between the ethyl branch and 
the functional groups in the adsorbent 
structure, absorbate molecules are absorbed 

through diffusion into absorbent pores. Also, 
considering the high adsorption capacity of 
benzene compared to ethyl benzene, it can be 
said that the rate-limiting step of the 
adsorption process in the adsorption of 
benzene and ethylbenzene is the diffusion into 
the pores step and the adsorbate transport 
from the bulk to the external film around the 
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adsorbents step, respectively. Therefore, 
according to the above, it can be said that 
diffusion coefficient of benzene is lower than 
that of ethylbenzene. Table 6 shows the 
comparison between calculated diffusion 
coefficients and diffusion coefficients 
determined by other researchers. It is evident 
that there is no significant deviation between 

diffusion coefficients determined in this work 
and those in other references. Therefore, for 
determining the diffusion coefficient of 
benzene and ethylbenzene in silica aerogel 
and its composites, the intra-particle diffusion 
model or homogeneous solid diffusion model 
(Equation (1)) can be used effectively. 

 

Table 6 
Comparison of diffusion coefficients determined in this study and diffusion coefficients presented 
in the selected literature. 

Adsorbent Adsorbate 
Diffusion coefficient 

D (m2 s-1) 
Reference 

Bentonite (2 % activated carbon) 
Benzene 

3 E-10 

[55] 

Bentonite (10 % activated carbon) 4 E-10 
Bentonite (no activated carbon) 3 E-10 

Bentonite (2 % activated carbon) 
Toluene 

3 E-10 

Bentonite (10 % activated carbon) 4 E-10 
Bentonite (no activated carbon) 3 E-10 

Building materials VOC 7.65 E-11 [56] 
Activated carbon Toluene 5 E-10‒5 E-9 [48] 

Cement Ethyl benzene 0.67 E-10‒3.05 E-10 [57] 

Zeolite crystals 
Adsorption of gases 

and vapours 
1 E-15‒1 E-13 [47] 

Silica aerogel 

Benzene 

3.17 E-13 

This 
article 

Silica aerogel-2 % wt activated 
carbon composite 

3.2 E-12 

Silica aerogel-0.5 % wt activated 
carbon composite 

9.1 E-12 

Silica aerogel 

Ethyl benzene 

9.79 E-13 
Silica aerogel-2 % wt activated 

carbon composite 
1.42 E-11 

Silica aerogel-0.5 % wt activated 
carbon composite 

1.7 E-11 

 
4. Conclusions 
In this study, silica aerogel and silica aerogel-
activated carbon composites were synthesized 
using a water glass precursor via two-step sol-
gel method followed by ambient pressure 
drying. In order to surface modification of the 
resultant samples, hydrophilic – OH groups 

were replaced with hydrophobic −CH3 
groups using surface modification reagent 
(TMCS). The synthesized samples exhibited 
mesoporous structures with an average pore 
size of 8 and 16 nm for silica aerogel and 
silica aerogel-activated carbon composites, 
respectively. After synthesis, benzene and 
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ethylbenzene adsorption over silica aerogel 
and silica aerogel-activated carbon 
composites were studied at three weights of 
0.01, 0.02, and 0.04 g for an investigation of 
equilibrium adsorption capacity, saturation 
time of adsorbent, kinetics of adsorption, and 
diffusion coefficient. Obtained results showed 
that by increasing the amount of adsorbent, 
the saturation time increased; however, 
equilibrium adsorption capacity decreased. 
Ethylbenzene adsorption capacity of 
synthesized adsorbents was less than that of 
benzene adsorption capacity. Silica aerogel 
has the maximum adsorption capacity of 
benzene (2033 mg.g-1) and ethylbenzene (458 
mg.g-1). The equilibrium adsorption capacity 
of benzene on silica aerogel-2 % wt activated 
carbon composite (1808 mg.g-1) is more than 
that of silica aerogel-0.5 % wt activated 
carbon composite (1158 mg.g-1). Static 
adsorption results showed that silica aerogel 
and its composites had good affinity towards 
aromatic molecules, especially benzene, fast 
adsorption kinetics due to their superior 
adsorption capacity, and faster diffusion 
process. Pseudo-first-order kinetic model 
approximately describes the adsorption 
kinetic of benzene and ethylbenzene on silica 
aerogel and its composites, suggesting that 
the adsorption process is controlled by 
physisorption. The pseudo-second-order 
model describes the beginning of the benzene 
adsorption kinetic on silica aerogel and silica 
aerogel-2 % wt activated carbon composite, 
suggesting that the rate-controlling step is 
chemical interactions such as strong covalent 
bonding. Diffusion of benzene and 
ethylbenzene within the silica aerogel-0.5 % 
wt activated carbon composite has the 
maximum diffusivity of 9.12 ×−12 and 
1.15 ×−12 m2.s-1, respectively. 

Nomenclature 
m mass [g]. 
v volume [cm-3]. 
Dc  diffusion coefficient [m2s-1]. 
rc radius of adsorbent particles [m]. 
kf First-order rate constant [s-1]. 

ks 
second-order rate constant 
[gmmol-1s-1]. 

qe 
amount of benzene and ethyl 
benzene adsorbed at equilibrium 
[mmolg-1]. 

qt 
amount of benzene and ethyl 
benzene adsorbed at a given point 
of time [mmolg-1]. 

Δq normalized standard deviation. 
Greek letters 
ρ  density [gcm-3]. 
Abbreviations 
VOC volatile organic compound. 

BTEX 
benzene, toluene, ethyl benzene, 
xylene. 

HSDM homogeneous solid diffusion 
model. 

TMCS trimethylchlorosilane. 
IPA isopropyl alcohol. 
SEM scanning electron microscopy. 
BET brunauer–emmitt–teller. 

FTIR 
fourier transform infrared 
spectroscopy. 

LDF linear driving force. 
PSD pore size distribution. 
APD ambient pressure drying. 
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