
J Sol-Gel Sci Technol (2017) 84:246–257
DOI 10.1007/s10971-017-4498-5

ORIGINAL PAPER: NANO- AND MACROPOROUS MATERIALS (AEROGELS, XEROGELS, CRYOGELS, ETC.)

Synthesis of strong silica aerogel by PEDS at ambient conditions
for adsorptive removal of para-dichlorobenzene from water

Alireza Farsad1 ● Ali Ahmadpour1 ● Tahereh Rohani Bastami2 ● Alireza Yaqubzadeh1

Received: 8 May 2017 / Accepted: 9 August 2017 / Published online: 7 September 2017
© Springer Science+Business Media, LLC 2017

Abstract In this study, a strong silica aerogel was syn-
thesized by using polyethoxydisiloxne (PEDS) as a pre-
cursor and hexamethyldisilazane (HMDZ) as a surface
modifier. The obtained aerogel was characterized by scan-
ning electron microscopy (SEM), Fourier transform infrared
spectroscopy (FT-IR), and nitrogen adsorption/desorption at
77 K. The aerogel product holds a surface area of 883 m2/g,
total pore volume of 2.68 cm3/g, and mean pore diameter of
12.14 nm. The hydrophobicity of aerogel was also investi-
gated by contact angle of water that was measured as 140°.
In order to investigate the mechanical strength of the
aerogel, uniaxial compression test was performed. The
result showed a compressional strength value of 44.46 MPa
for the synthesized aerogel. The obtained aerogel was then
used for batch adsorption experiment to remove para-
dichlorobenzene (p-DCB) from water. The results showed
that adsorption does not significantly correlate with the pH
of solution and high adsorption capacity was obtained in the
whole solution pH range of 2–10. Kinetic studies showed
that the system followed pseudo-second-order model. Also,
the equilibrium adsorption data was well fitted by Freun-
dlich isotherm. Thermodynamic studies confirmed that the

adsorption was spontaneous and endothermic in the studied
temperature range of 299–325 K.
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1 Introduction

Water treatment is an important subject because of human
health and saving environment from the hazards of pollu-
tants. Nowadays, water pollution is much more concerning
than what it was before due to development of industries,
agriculture, and human activities. Because of the wide range
of these activities, a variety of contaminants exists in water
resources, for instance biological and pharmaceutical pol-
lutants, dyes, pesticides, heavy metals, and organic com-
pounds. Among these types of pollutants, organic
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contaminants are very important due to leaving hazardous
effects on human health and environment. These con-
taminants have several types such as chlorinated com-
pounds [1, 2], Polycyclic aromatic hydrocarbons [3], and
pesticides [4]. Chlorinated aromatics are among the most
hazardous and toxic contaminants threatening human and
other alive species [5–7]. Some methods have been devel-
oped in order for removing these pollutions or reducing
their toxicity namely membrane processing [8], biological
treatment [7, 9, 10], and chemical oxidation for degradation
or dechlorination [5, 9–14]. Adsorption is another important
technique that is highly interested because of its ability for
the removal of different kinds of contaminants such as
chlorinated aromatics. Up to the time, many researches have
focused on the adsorption process, by using different
adsorbents, and its application toward the removal of
chlorinated aromatic contaminants from aqueous solutions.
For instance, one type of fungi, named Phanerochaete
Chrysosporium, was used by Wu et al. [15] for biosorption
of 2,4-dichlorophenol from aqueous solution with adsorp-
tion capacity of 4.09 mg/g. Activated sludge is the other
adsorbent which was used for the adsorption of chlor-
ophenol and dichlorophenol with adsorption capacity of 1.5
and 5.04 mg/g, respectively [16]. Furthermore, Graphene, a
modern carbonaceous adsorbent, was used for adsorption of
different polar and nonpolar toxic organic contaminants
[17]. Chlorophenol and nitrophenol were also adsorbed by
montmorillonite which has the adsorption capacity of 12.8
and 14.2 mg/g, respectively. Park et al. [18] modified the
surface of this adsorbent via two cationic surfactants. Aksu
et al. [19] used three adsorbents namely dried activated
sludge, fly ash, and granular activated carbon for removal of
chlorophenol isomers. Among these adsorbents, granular
activated carbon revealed a better adsorption performance
by removing 89.4% p-chlorophenol. Carbon nanotubes and
activated carbon were also used for the adsorption of
dichlorobenzene isomers and 4-chloronitrobenzene by
Wang et al. [20]. In addition, Hernandez et al. [21] used
undoped and metal-doped sol–gel substrates for adsorption
of chlorobenzene as a chlorinated aromatic.

In the adsorption process, the low adsorption capacity of
some adsorbents is the main issue. Some reasons for this
problem are adsorbents’ low surface area and porosity, their
particular textural properties, or the difficulty of adsorbent
synthesis process. Thus, preparation of an adsorbent with an
easy synthesis procedure and good textural properties, such
as high surface area and appropriate pore size distribution,
provides a promising solution for the adsorption of water
pollutants with high efficiency [22]. One of the most effi-
cient adsorbents, which is used for adsorption of different
organic contaminants, is aerogel [23–25]. It is currently
very popular because of its unique properties. Aerogels
have such a wide surface area and high porosity that help

them with enhancing their performance in the adsorption
process. The density of aerogels is 0.003–0.35 g/cm3 that is
much lower than water density [26]. Consequently, it can
easily be separated from water after adsorption process.
Another advantage is that it floats on the water surface,
where most of the water pollutants accumulate; as a result,
the chance of contact between aerogel and contaminants
increases. Among the aerogels, those made of silica pre-
cursors have special properties, which make them proper for
many applications [27–29]. Regarding its unique properties,
silica aerogel is used in the present study for adsorptive
removal of a chlorinated aromatic. In spite of all their
advantages, conventional aerogels have a serious weakness
which is their low mechanical strength and ductility that
limits their performance [29, 30]. Up to the date, enhancing
aerogel’s mechanical strength has been the subject of many
researches [27, 31–37]. Each of these studies has imple-
mented a particular approach for enhancing aerogels
mechanical properties with respect to the specific applica-
tion under their consideration. Girona et al. [31] studied the
effect of different factors, such as the concentration of
precursor, type of solvent, and addition of fillers, on the
strength of aerogels. In the best case, they obtained the
compressional strength of 5.7 MPa. In another study, Par-
menter et al. [32] used different fibers in the synthesis of
aerogel and, as the result, an aerogel with a compressional
strength of 5.37MPa was produced. Another aerogel syn-
thesized by Boday et al. [33] was filled with polyaniline
fibers as scaffold for Si atoms. This aerogel was so ductile
that could withstand under a weight of about 8500 times as
its weight before facing to rupture. Sai et al. [34] also used
fibers made from Acetobacter Xylinum and mixed them in
the sol matrix. The resulted aerogel was very elastic with
compressional strength of about 16.9 Mpa. In another study,
tetraethylorthosilicate (TEOS) was mixed as the main pre-
cursor with polyhedral oligomeric silsesquioxane and led to
3.2 MPa compressional strength [27]. Although each of the
mentioned approaches led to a partial increase in the com-
pressional strength of aerogels, the most effective method in
order for increasing strength is crosslinking with different
polymers. Meador et al. [35] used epoxy polymer to achieve
a Young’s modulus of 127MPa. In another approach,
polyurea was used as the crosslinking agent and resulted in
having compressional strength elevated to about 180MPa
[36]. The other polymer used for crosslinking with aerogel
was polyureathane. Zhang et al. [37] implemented this
polymer to obtain a flexible aerogel. Beside the interesting
results of these studies, two major problems remain to be
solved. The first one is the drying method [38, 39]. Most of
the works performed a supercritical route to dry the gel
while financially it is expensive. The other problem is the
textural properties of the aerogel that become weak by
enhancing its mechanical properties [35, 36, 40]. To the
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best of our knowledge, there has been few aerogels
synthesized with the combination of an acceptable
mechanical strength and good textural properties, such as
high surface area, by using drying procedure in ambient
conditions.

In this research, a silica aerogel dried in ambient pres-
sure and temperature was, first of all, synthesized while
having good mechanical strength in addition to good
textural properties for the adsorption process. To this
sense, a prepolymerized silica precursor, called poly-
ethoxydisiloxane (PEDS), was selected. This procedure has
formerly been implemented in order for the synthesis of
silica aerogel by supercritical drying method and exhibited
good mechanical and textural properties [41]. In the current
paper, PEDS was used for the synthesis of silica aerogel by
drying at ambient pressure as a novel synthesis method. For
this purpose, some of the traditional steps of the mentioned
synthesis method have been improved. The resulted aero-
gel was then implemented for adsorptive removal of a
chlorinated aromatic contaminant from water. The effect of
some parameters, such as pH, adsorbent dose, time, and
temperature, on the adsorption process was also studied in
this paper. Isotherms, thermodynamics of adsorption, and
reusability of the adsorbent were also investigated and
discussed in the rest of the paper. As a model of chlorinated
aromatic contaminants, 1,4-dichlorobenzene or para-
dichlorobenzene (p-DCB) with the formula C6H4Cl2 was
used in this study. Because of the wide range of its uses,
namely, as a pesticide, disinfectant and a precursor to other
chemicals, it can easily accumulate in surface waters,
underground waters, and wastewaters. This chemical
compound is now well known as a carcinogen compound
and is extremely harmful for human being [42]. Also, to
the best of our knowledge, aerogel has never been used
before for removal of chlorinated aromatics pollutant from
water.

2 Experimental

2.1 Materials

All the materials including TEOS (C8H20O4Si), ammonia
(NH4OH), ethanol (CH3CH2OH), sulfuric acid (H2SO4),
hexamethyldisilazane (HMDZ) (C6H19NSi2), n-hexane
(C6H14), hydrochloric acid (HCl), 1,4-dichlorobenzene
(C6H4Cl2), and methanol (CH3OH) were purchased from
Merck Company and used as received with no more pur-
ification. The water used at each step of the experiments
was deionized water.

2.2 Silica aerogel synthesis

TEOS, ethanol, water, and H2SO4 were used in the ratios
presented in literature [43] for the production of PEDS-P750.
The production method was also copied from literature [43].
The subscript 750 comes from the formula: c/2*1000,
where c is the molar ratio of water to TEOS and its value
was chosen to be 1.5 in this study. In order to synthesize the
silica aerogel, the resulted PEDS-P750 was mixed with
ethanol in volume ratio of 7:13 for PEDS to ethanol.
Gelation was started by addition of basic catalyst, here 7M
solution of NH4OH, which was added by the amount of 2%
v/v of the sol, tailoring its pH for gelation. Afterwards, as
the sol became viscous, it was immediately poured into a
Teflon autoclave covered with stainless steel. Gelation
occurred in about 10–30 min. After having the gelation
process complete, the gel was floated in ethanol followed by
placing in a forced convection oven in 60 °C and aging for
24 h. During the aging time, the skeleton of aerogel
becomes stronger. After 24 h, the gel was washed with
ethanol and n-hexane. For surface modification and solvent
exchange, a mixture of HMDZ, n-hexane, and ethanol was
used in the volume ratio of 4:6:1, respectively. The role of
ethanol in this procedure is important, as it lowers the rate
of interaction between HMDZ and water trapped in the
pores of the gel, while fast interaction would destroy the
gel’s structure due to its voids being collapsed. The resulted
mixture was added to the gel and the autoclave was placed
in the oven at 60 °C for 24 h, where solvent exchange was
also occurred by n-hexane. Afterwards, it was floated in n-
hexane for further solvent exchange and removal of reac-
tion’s byproducts from the structure. Then, the prepared gel
was dried at ambient pressure and temperature overnight
and, eventually, placed in the oven at 100 °C for completion
of drying process. The product was a silica aerogel with a
semi-transparent appearance and without any cracks on its
structure, shown in Fig. 1.

Fig. 1 Semi-transparent and crack-free synthesized silica aerogel
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2.3 Characterization of silica aerogel

To study the mechanical strength of the adsorbent, com-
pression tests were carried out via a setup made for mea-
surement of compression strength (home-made) [44]. The
zeta potential values of the synthesized silica aerogel at
different pH values were obtained to investigate the
adsorbent’s surface charge using a Zetaphoremetre (CAD,
France). Adsorption/desorption of nitrogen at 77 K was
performed on the synthesized aerogel and its isotherms were
determined by a surface analyzer (BELSORP-mini II, BEL
Japan Inc.) to investigate its textural properties. Prior to the
analysis, the sample was out-gassed at 100 °C for 12 h to a
residual pressure of 10−4 torr or less. Regarding the results
of this test, specific surface area of the adsorbent was cal-
culated by Brunauer–Emmett–Teller (BET) method, while
the total pore volume and the pore size distribution of the
aerogel were obtained by Barrett–Joyner–Halenda (BJH)
method. To observe the morphology and the structure of
adsorbent, a scanning electron microscopy (SEM) method
was used (LEO 1450 VP). To investigate surface properties
of the synthesized aerogel, Fourier transform infrared (FT-
IR) was recorded between the wavenumbers 400 and 4000
cm−1 using Thermo Nicolet, Avatar 370 FT-IR. In addition,
the contact angle of a water droplet on the aerogel’s surface
was measured by photographing [45] in order to investigate
the hydrophobicity of synthesized adsorbent.

2.4 Batch adsorption experiments

The adsorbate in liquid-phase was p-DCB with molar mass
of 147 g/mol and water solubility of 0.08 g/L at 25 °C.
Adsorption behavior of p-DCB onto silica aerogel was
studied through a batch procedure by using dual cells
equipped with thermal jacket for fixing the operational
temperature during the adsorption process. Aqueous solu-
tion of contaminant was synthesized by dissolving p-DCB
in deionized water. To do the adsorption process, a certain
amount of aerogel was transferred into the cell containing
50 mL of p-DCB solution with different initial known
concentrations and then well stirred at the optimum time. In
order to discover the inherent features of adsorption pro-
cess, kinetics, mechanism and thermodynamics of the p-
DCB adsorption onto the aerogel were studied as well as the
affecting key parameters such as adsorbent dose, solution
pH, time and temperature.

For investigation of adsorbent dose effect, contaminant
solution with initial concentration of 60 mg/L at 28 °C was
exposed to 1, 1.5, and 2 g/L of adsorbent, in separate pro-
cesses. In order to study the pH effect, adsorption tests were
carried out in pH range of 2–10 by contacting 1 g/L
adsorbent with 60 mg/L solution of p-DCB at 28 °C.

Kinetics and mechanism of adsorption were investigated
by conducting the adsorption process with
1 g/L adsorbent and initial p-DCB concentration of 60 mg/L
at 26± 1 °C and concentration measurement in a time
interval of 1–120 min. The amount of adsorbed p-DCB at
each time per unit mass of adsorbent, qt (mg/g), was cal-
culated as follows:

qt ¼ C0 � Ctð ÞV
M

; ð1Þ

where C0 is initial concentration while Ct represents the
concentration of p-DCB (mg/L) at time t. In addition, the
terms V and M denote the volume of solution (L) and the
amount of adsorbent used (g), respectively.

The adsorption isotherms and thermodynamic parameters
were determined at different temperatures (26, 38, and
52 °C) with different initial p-DCB concentrations (10–60
mg/L) at the optimum time to reach equilibrium condition.
Thus, solutions with initial p-DCB concentrations of 10, 15,
30, 45, and 60 mg/L were contacted to 1 g/L adsorbent and
adsorption process proceeded until equilibrium. The equi-
librium amount of adsorbed p-DCB per unit mass of
adsorbent, qe (mg/g), was obtained by the following equa-
tion:

qe ¼ C0 � Ceð ÞV
M

; ð2Þ

where Ce is equilibrium concentration of p-DCB (mg/L) in
the solution.

In order to study the reusability of the synthesized
aerogel, regeneration of adsorbent was conducted as fol-
lows: 1 g/L of aerogel was transferred to the reactor con-
taining 50 mL of a 60 mg/L solution of p-DCB at 28 °C, and
was stirred for 2 h. After that, the aerogel was separated
from the solution by a filter and then was placed at 50 °C for
1 h to be dried primarily. The spent aerogel was then dis-
persed in 10 mL methanol and was mixed for 30 min.
Finally, the wet aerogel was dried again at 50 °C for 1 h.
The adsorption capability of sample was then evaluated
using the above procedure and this adsorption–desorption
cycle was repeated for six cycles. It is notable that the spent
aerogel had no shrinkage or fracture on its structure after the
separation and recovery.

Concentration of p-DCB in the solution before and after
each adsorption test was analyzed by employing a UV–Vis
spectrophotometer at maximum absorbing wavelength (λ=
222 nm). In the case of pH study, the initial pH was adjusted
by HCl and NaOH solutions. The pH was measured using
pH-meter (HANNA instruments, Inc.).
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3 Results and discussion

3.1 Characterization of synthesized silica aerogel

To study the mechanical strength of the adsorbent, com-
pression tests were carried out on the sample. Fracture of
the sample occurred in force load of 26.15 N averagely,
evidencing the value of 44.46 MPa for uniaxial compressive
strength of the synthesized silica aerogel, calculated by the
method mentioned in the reference [44]. This value shows a
remarkable elevation in mechanical strength of synthesized
aerogel in comparison with the conventional silica aerogels
[46]. Table 1 represents the parameters obtained from the
mechanical test and Fig. 2 illustrates the force load vs.
diameter displacement for two discrete aerogels. Compared
to the other studies aiming at the increase of aerogel’s
mechanical strength, except those with crosslinking method
used, the present work shows a noticeably higher mechan-
ical strength [31, 32, 34]. By implementing the crosslinking
method, strong polymeric chains fill the structure of aerogel
that leads to a more robust network, although it destroys the
aerogel’s textural properties. The increase of strength in this
study was achieved by just changing the precursor and
synthesis procedure. Thus, the strength value obtained here
is substantially lower than the values acquired from cross-
linking method. However, textural properties should be

comprised to the other methods for further investigation and
optimization for adsorption process.

The SEM micrographs of synthesized silica aerogel is
shown in Fig. 3 in two different magnifications. It is clear
that silica network of the aerogel is formed properly and the
aggregations of the secondary particles can obviously be
seen. As shown in the micrograph image, the aerogel’s
network consists of many bulks. These bulks are formed by
aggregation of secondary particles which are comprised of
smaller primary particles [37]. The largest evident particles
in the present micrograph are these bulks. In according to
the graph, the bulks’ size can be estimated about 100 nm or
even smaller. Consequently, as evidently seen in Fig. 3b,
the size of secondary particles would be about 10 nm which
is the normal size in silica aerogels [37].

The density of prepared aerogel was determined about
0.32 g/cm3 by using helium pycnometry. Although this
value is more than the density of conventional aerogels
dried by supercritical method, it is in the range of aerogels’
density [26].

Table 1 Data of uniaxial compression test on the synthesized silica
aerogel

Sample Sample
shape

Diameter
(mm)

Force
load (N)

Compression
strength (MPa)

1 Spherical 3 24.85 42.21

2 Spherical 3 27.45 46.72

Fig. 2 Plot of uniaxial compression test on two spherical aerogels with
3 mm diameter

Fig. 3 Scanning electron micrographs of synthesized silica aerogel (a
magnification of 1 µm, b magnification of 100 nm)
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Figure 4 shows a photograph of a water droplet on the
surface of synthesized aerogel. It is concluded from the
figure that the contact angle between the droplet and surface
of the aerogel is about 140° which shows good hydro-
phobicity of the prepared aerogel. This observation con-
firms that the surface modification of the aerogel was
successfully done by HMDZ. It is suggested that the methyl
group of HMDZ led to the surface hydrophobicity.

Figure 5 illustrates the FTIR spectrum of synthesized
silica aerogel to study the surface of aerogel. The peaks at
467, 800, and 1096 cm−1 assigned to Si–O–Si bonds which
confirm excellent formation of silica network in the struc-
ture of the synthesized silica aerogel [47]. As expected, the
–CH3 vibrations at 855 and 2970 cm−1 are present in the
synthesized aerogel which are the result of successful sur-
face modification by HMDZ, leading to proper hydro-
phobicity of silica aerogel.

The peaks at 3444 and 959 cm−1 could be assigned to
–OH and Si–OH vibrations, respectively, which are weak
due to the reaction of methyl group of HMDZ with –OH

groups leading to the replacement of O–Si(CH3)3 with –OH
groups. This result confirms the hydrophobicity of the
prepared aerogel.

Figure S1 shows the isotherm of nitrogen adsorption/
desorption and pore size distribution of the adsorbent. As
seen in this figure, a hysteresis occurs on the desorption
branch which is the result of capillary condensation in
mesopores. In according to International Union of Pure and
Applied Chemistry (IUPAC) theory, this type of hysteresis
is related to the porous materials with complex structure
containing both types of micropores and mesopores [48].
Figure S1-b clears that the most of the pores have a dia-
meter between 1 and 20 nm. These values are in the range of
micropores and mesopores. The highest peak is also related
to the size of 2.71 nm. Mean pore diameter obtained from
BET method is 12.14 nm which is in mesopore range, while
total pore volume of the adsorbent is obtained as 2.68 cm3/g
which can provide numerous number of adsorption sites and
responsible volume. Also, the specific surface area obtained
from BET method is 883 m2/g which is higher compared to
most of the other aerogels with enhanced mechanical
strength [27, 31, 32, 34–36].

The method used in this research for the synthesis of
silica aerogel led to an aerogel with a proper mechanical
strength, while its textural properties were not ruined. This
approach becomes more outstanding regarding the great
economic and easy drying method which has been done at
ambient pressure.

3.2 Adsorption experiments

3.2.1 Effect of pH

The effect of initial pH was studied on the adsorption of p-
DCB onto synthesized aerogel. To evaluate the effect of pH

Fig. 5 FT-IR analysis of
synthesized silica aerogel
showing its surface functional
groups

Fig. 4 Contact angle of water droplet on aerogel’s surface
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on the p-DCB sorption in 120 min, different experiments
were conducted at 26± s1 °C in the pH range of 2–10 using
0.05 g of synthesized aerogel with 50 mL of 60 mg/L
adsorbate solution. Figure 6 shows the adsorbed amount of
p-DCB onto the synthesized silica aerogel in different pH
values. As clearly shown in the figure, the amount of p-
DCB adsorption tends to change negligibly with change of
initial pH. In addition, the synthesized silica aerogel was
able to significantly adsorb contaminant molecules at a wide
pH range of 2–10. It is suggested that pH of solution has not
significantly affect the surface properties of synthesized
aerogel and also the molecular structure of p-DCB. Figure 7
illustrates the data for Zeta potential of synthesized adsor-
bent surface as the function of pH value. It is obviously seen
that the aerogel’s surface charge is close to zero in all pH
ranges confirming that pH value does not have a significant
effect on the adsorbent surface. On the other hand, p-DCB
molecule does not have any acidic/basic proton and, thus,
no pKa value is available for this component. As a result,
pH value does not have any significant effect on the
molecular structure of p-DCB. Furthermore, as the log Koct/

wat value of p-DCB is 3.37, its molecules can easily attend

in hydrophobic media [49], the surface of synthesized silica
aerogel in our case. Consequently, the adsorption properties
of p-DCB onto surface of synthesized silica aerogel do not
depend on pH of medium.

3.2.2 Effect of mass of sorbent

Figure 8 shows removal percentage of p-DCB from its
aqueous solution with initial concentration of 60 mg/L by 1,
1.5, and 2 g/L of adsorbent at pH= 4 and temperature of 26
± 1 °C. The removal percentage was calculated as:

The percent of removal ¼ C0 � Ce

C0
� 100; ð3Þ

where C0 (mg/L) is initial concentration and Ce (mg/L) is
concentration at equilibrium. It was observed in the figure
that with increase in adsorbent dose, the removal percentage
was elevated. This is because of the increase in active
available adsorption sites of the adsorbent which enhances
the interaction between adsorbate and adsorbent [50].

3.2.3 Effect of contact time and kinetic study

Figure 9 shows the effect of contact time on the removal of
p-DCB mass of 1 g/L over a time of 1–120 min by using
60 mg/L p-DCB at pH= 4 and temperature 26± 1 °C. The
removal efficiency was about 75% during 5 min. The rapid
increase of removal efficiency in the initial stages indicated
that there were plenty of readily accessible sites due to high
specific surface area and proper pore size and volume of the
synthesized aerogel. By moving forward through the time,
the concentration of adsorbate in solution becomes
decreases, while its concentration in adsorbent voids ele-
vates continuously. Thus, the driving force for the adsorp-
tion process reduces which leads to reduction of adsorption
efficiency in longer time [51, 52]. This is why the slope of
the plot decreases with increase of time. Equilibrium seemsFig. 6 Effect of pH on the adsorption of p-DCB onto silica aerogel

(initial concentration= 60 mg/L, T= 28±1 °C, adsorbent dose=
1 g/L)

Fig. 7 Zeta potential data as a function of pH value for synthesized
silica aerogel

Fig. 8 Effect of mass of adsorbent for the removal of p-DCB onto
silica aerogel (initial concentration= 60 mg/L, T= 28± 1 °C, pH= 4)
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to occur after 90 min; however, the adsorption process was
continued up to 120 min in order to be confidence about
reaching equilibrium state.

To study adsorption kinetic, pseudo-first-order (Eq. 4),
and pseudo-second-order (Eq. 5) models were applied as
following [53–55]:

log qe � qtð Þ ¼ log qe � K1t

2:303
; ð4Þ

t

qt
¼ 1

K2q2e
þ t

qe
; ð5Þ

where K1 and K2 are pseudo-first-order and pseudo-second-
order coefficients which units are time−1 and g/mg time,
respectively. The curves of pseudo-first-order and pseudo-
second-order models, correlated to the experimental data of
p-DCB adsorption by silica aerogel are shown in Fig. S2. In
addition, the rate constants, correlation coefficients, and the
experimental and calculated uptake capacity (qe, mg/g) are
presented in Table 2. It was found that pseudo-second-order
has more correspondence with obtained data. Correlation
coefficient of determination (R2) is 0.999 for this model.
Divergence between the amount of qe predicted by this
model and what obtained from experiments is less than the
case of pseudo-first-order model which is another proof for
compatibility of pseudo-second-order model for this
adsorption system. This model corresponds to systems with
chemical adsorption. Thus, the process of p-DCB adsorp-
tion by synthesized silica aerogel is also chemical.

In order to investigate the mechanism of adsorption,
inter-particle diffusion model was applied [56, 57] as:

qt ¼ Kintt
0:5 þ C; ð6Þ

where Kint (mg/g time0.5) denotes inter-particle diffusion
coefficient and term C (mg/g) is a constant parameter
related to boundary layer thickness. Figure 10 presents the
plot of this model fitted with experimental data of this study.
It is obvious in Fig. 10 that this adsorption process has three
steps. The first step is adsorption on the adsorbent surface
which is very fast and occurs in a short time. The second
one is related to diffusion and adsorption on inter-particle
voids which has more moderate slope compared to the first
step. The final step represents the equilibrium of adsorption
which has a very small slope. The model coefficients
obtained from inter-particle diffusion theory are presented
in Table 3. The term C has increase at each step that shows
the increase of boundary layer thickness. In addition, it is
shown in Table 3 that the term K, the ability of adsorption
and diffusion, reduces by time.

Table 2 Parameters of kinetics models obtained for adsorption of p-DCB by silica aerogel (initial conc.= 60 mg/L, T= 26±1 °C, adsorbent
dose=1 g/L)

Pseudo-first-order model Pseudo-second-order model

R2 K1 (min-1) qe (cal.) (mg/g) qe (exp.) (mg/g) R2 K2 (g/mg min) qe (cal.) (mg/g) qe (exp) (mg/g)

0.921 0.05 24.8 47.2 0.999 0.006 48.3 47.2

Fig. 9 Effect of contact time on the adsorption of p-DCB onto silica
aerogel (initial concentration= 60 mg/L, T= 28± 1 °C, adsorbent
dose= 1 g/L)

Fig. 10 Plot of interparticle diffusion model correlated to the experi-
mental adsorption data of p-DCB by silica aerogel (initial concentra-
tion= 60 mg/L, T= 28 °C, adsorbent dose= 1 g/L)

Table 3 Parameters of interparticle diffusion model for adsorption of
p-DCB on silica aerogel

First step Second step Third step

Kint (mg/g min) 13.9 2.1 0.4

C (mg/g) 2.1 30.1 42.9
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3.2.4 Adsorption isotherm model

The results were analyzed with the well-known models of
Langmuir and Freundlich isotherms [54, 58, 59] which are
described by following equations:

qe ¼ qmlKlCe

1þ KlCe
; ð7Þ

qe ¼ KfC
1=n
e ; ð8Þ

where qm is monolayer adsorption capacity (mg/g), Kl is
Langmuir constant (L/mg), and the terms Kf ((mg/g)(L/
mg)1/n) and n are Freundlich constants. In order to
investigate the isotherms, linear form of Langmuir isotherm
and logarithmic form of Freundlich isotherm should be used
as:

Ce

qe
¼ 1

qmlKl
þ Ce

1
qml

� �
; ð9Þ

log qe ¼ 1
n
logCe þ logKf : ð10Þ

Figure S3 illustrates the changes of p-DCB adsorption by
silica aerogel for the isotherms under study and their
agreement with experimental data. Table 4 also presents the
values of isotherms’ parameters obtained from above
equations. It is shown in the table that this adsorption sys-
tem is a better fit to Freundlich isotherm rather than Lang-
muir isotherm. The R2 value is over 0.999 for Freundlich
isotherm. This isotherm is responsible for systems with
multilayer adsorption, while the active sites of their adsor-
bent are heterogeneous [60]. These heterogeneities can be
the result of surface modification by HMDZ and settlement
of CH3 species on the aerogel surface. In fact, adsorption of
p-DCB can be done by CH3 functional groups. The value of
the term n in Freundlich isotherm is very important such
that it stands for a good adsorption system if it takes a value
between 1 and 10. For the system presented in this paper, n
is calculated equal to 1.51 that shows an appropriate
adsorption, while its near unity value indicates that the
surface of adsorbent is homogeneous. This fact is proved
with respect to the R2 value obtained from Langmuir iso-
therm which is not too far from 1.

3.2.5 Thermodynamic parameters of sorption

In order to study the mechanism of sorption process of p-
DCB onto synthesized aerogel, thermodynamic parameters
such as change in Gibbs free energy (ΔG°), enthalpy (ΔH°),
and entropy (ΔS°) were investigated. These parameters are
calculated using following equations [54, 61]:

Kc ¼ Ca

Ce
; ð11Þ

ΔG� ¼ �RT lnKc ð12Þ

ΔG� ¼ ΔH� � TΔS�; ð13Þ
where Kc is distribution coefficient of adsorption, Ca is
equilibrium concentration of p-DCB in aerogel’s pores (mg/
L), the term R is universal gas law constant that takes the
value of 8.314 J/mol K, and T is absolute temperature (K).
Change in Gibbs free energy is directly calculated from Eq.
12. By plotting ΔG° vs. T, the change in enthalpy and
entropy are evaluated from the intercept and slope of the
plot, respectively. Table 5 represents the obtained thermo-
dynamic parameters of this adsorption system. The negative
values of ΔG° at all temperatures indicate the feasibility of
the process and confirm spontaneity of adsorption, which
elevates with increase in temperature [54, 61]. The value of
ΔH° is positive which indicates that the adsorption process
is endothermic [61]. The value of ΔS° is also positive that
confirms increase in the randomness of the adsorbent and
solution interface during the adsorption process [61].

3.2.6 Regeneration study

One of the most important principles in adsorption systems,
especially in pilot or industrial scale, is economic factor.
The removal efficiency of the synthesized aerogel during
adsorption/desorption cycles are shown in Fig. 11. It can be
observed that the adsorption capacity remains constant only
after first cycle. Furthermore, it is obvious that after each
cycle, the structure of adsorbent is not destroyed and
adsorption process is performed as successfully as the first
time with a little divergence. Figure 12 shows the SEM
image of spent aerogel after six sequential adsorption/des-
orption cycles. It is clear that the structure of aerogel is not
destroyed during regeneration process. This is one of the

Table 4 Isotherm parameters for adsorption data of p-DCB by silica
aerogel

Freundlich Langmuir

R2 n Kf ((mg/g)(L/mg)1/n) R2 Kl (L/mg) qm (mg/g)

0.999 1.51 8.79 0.963 0.111 77.52

Table 5 Thermodynamic parameters of p-DCB adsorption by silica
aerogel (adsorbent dose= 1 mg/L)

T (K) ΔG° (KJ/mol) ΔH° (KJ/mol) ΔS° (KJ/mol)

299 −26.5

311 −34.8 112.9 0.47

325 −38.9
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important and valuable characteristics of the synthesized
silica aerogel that proves its economical advantage and
verifies that it may widely been used for industrial purposes.

4 Conclusion

In this research, PEDS-P750 was used for synthesis of a
strong silica aerogel. Surface modification was performed
by HMDZ and drying process was at ambient temperature
and pressure. Compression test on the synthesized aerogel
confirmed enhancement of its mechanical strength. Proper
formation of the aerogel’s silica network was observed by
SEM image. By using FT-IR analysis, functional groups on
the aerogel’s surface, such as Si–O–Si, –OH, Si–OH, and
–CH3 vibrations, were investigated to study the aerogel’s
surface. Complete formation of silica structure, reduction of
hydrophilicity, and settlement of hydrophobic CH3 groups

were obviously seen that proves the success of surface
modification reaction by HMDZ. Hydrophobicity of the
synthesized aerogel was also investigated by measuring the
contact angle between the water droplet and the adsorbent’s
surface which was high. In addition, nitrogen adsorption/
desorption at 77 K confirmed excellent textural properties of
synthesized aerogel including high specific surface area and
proper pore volume and pore size distribution.

The synthesized silica aerogel was used for removal of p-
DCB from water media by batch adsorption tests and the
effects of different key parameters such as temperature, pH,
adsorbent dose, initial contaminant solution concentration,
and time on the adsorption process were studied. Our results
show that increase of adsorbent leads to more removal
efficiency of contaminant and the adsorbed amount of p-
DCB does not change significantly with change of solution
pH. It was observed from kinetic studies that the kinetic of
adsorption obeys the pseudo-second-order model that is
implemented to chemical adsorption processes. The
mechanism of adsorption was investigated by inter-particle
diffusion theory and included three steps: quick surface
adsorption, diffusion and adsorption in voids, and equili-
brium of adsorption process. Isotherm study confirmed that
Freundlich isotherm is a good fit to adsorption equilibrium
data rather than Langmuir isotherm. Thermodynamic study
also confirmed that the adsorption is spontaneous (espe-
cially at higher temperatures), endothermic, and is accom-
panied with increase of randomness in adsorbent/solution
interface. Finally, regeneration of adsorbent was carried out
for six cycles and the results shows that this aerogel is
economical and reusable.

The acceptable high mechanical strength of this silica
aerogel, its good textural properties, and drying process,
which was done at ambient pressure, all together, have
made this synthesized aerogel unique. All of the investi-
gations done in this research proved that this strong silica
aerogel can be used for removal of p-DCB (and probably
other types of nonpolar organic contaminants, especially
chlorinated aromatics) from water.
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