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Nanostructured silica aerogels are expensive porous materials with unique properties. Thus, the application of a
cost-effective synthesis method will be highly effective for large-scale. Fourier transform infrared (FTIR) spec-
troscopy, scanning electron microscopy (SEM), BET surface area and contact angle and the density was deter-
mined by the pycnometry method. To investigate the adsorptive performance of silica aerogel, naphthalene
pollutant was used as an organic pollutant model in the wastewater. In this study the process variables such as
contact time, concentration of adsorbent, pH of solution and interaction of these variables in the adsorption pro-
cess for the removal of the naphthalene fromwater by silica aerogel were evaluated. Furthermore, to achieve the
predictedmodel and prepare the optimum condition of the process, the central composite design of the response
surface methodology was utilized. According to the results of ANOVA table, a second order nonlinear model was
obtained to predict the removal of naphthalene. The model adequacy was guaranteed by the assessment of sta-
tistical parameters such as coefficient of determination (R2= 0.903), adjusted R2 (0.877) and adequate precision
(19.23). In the kinetic study, the pseudo-second order model was consistent with the experimental results.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

Polycyclic aromatic hydrocarbons (PAHs) are chemical compounds
with at least two rings, with some cases having up to 6 rings [1–3].
Chemical and physical properties of PAHs depend on the ring number
and subsequentlymolecular weight (Mw). Compoundswith lowmolec-
ular weight have high reactivity and solubility in water [4]. However,
based on their characteristics, the low molecular weight of PAHs im-
poses hazardous effects on human health compared to PAHs with high
molecular weights [5]. People who are exposed to these water pollut-
ants may be at cancer risk. PAHs can be produced in various industries
such as coking plants, asphalt production, aluminum production,
smokehouse, etc. [6–8]. As the smallest PAH with two benzene rings,
naphthalene has the highest solubility and stability in water compared
to all other forms of PAHs [9]. It often pollutes groundwater and surface
waters in industrial cities due to the wastewater discharge [10]. The re-
moval of naphthalene from wastewater has been the subject of many
studies in which various methods have been used for this purpose.
These methods include advanced oxidation process [11], chlorination
.

[12], photocatalytic process [13,14], biodegradation [15,16], and adsorp-
tion [17–19]. Flexibility, convenient operation, low investment, low en-
ergy consumption and safety are the main features of adsorption
process [20,21].

In the adsorption process, the suitable sorbent should have a num-
ber of characteristics like high specific surface area, high pore volume,
suitable pore-size distribution, high thermal stability, easy regeneration
process and low cost [22,23].

In the case of PAHs adsorption fromwastewater, the hydrophobicity
of surface is an important property of the adsorbent that reinforces high
tendency of adsorbate to adsorbent. Naphthalene with two benzene
rings is a non-polar molecule that can be properly treated with hydro-
phobic adsorbent. In this view, the silica aerogel as an adsorbent with
hydrophobic surface can be suitable for the PAHs adsorption.

Silica aerogels are nanostructured solid materials with unique prop-
erties such as high porosity, high specific surface area, mesoporous
structure, low thermal conductivity, high thermal stability and
functionalization (surface modification) [24–26]. Additionally, they
can be obtained in the form of monoliths, beads, powders, or thin
films [27,28]. Given their potential forwide industrial applications, silica
aerogels have been the subject of growing attention [29]. Buildingmate-
rials with thermal and acoustic insulation applications is currently the
 

http://crossmark.crossref.org/dialog/?doi=10.1016/j.jnoncrysol.2016.06.022&domain=pdf
http://dx.doi.org/10.1016/j.jnoncrysol.2016.06.022
mailto:ahmadpour@um.ac.ir
Journal logo
http://dx.doi.org/10.1016/j.jnoncrysol.2016.06.022
http://www.sciencedirect.com/science/journal/00223093
www.elsevier.com/locate/jnoncrysol


308 A.R. Yaqubzadeh et al. / Journal of Non-Crystalline Solids 447 (2016) 307–314
main market for aerogels, though it can be applied to a wide range of
other applications like adsorbents, space exploration, nuclear waste
storage, drug delivery systems, batteries, sensors and catalysts [30–
32]. In recent years, the adsorption of organic pollutants fromwastewa-
ter by hydrophobic silica aerogel has been the subject of several studies
[33–35]. Standeker et al. used silica aerogel to adsorb organic com-
pounds such as toluene, benzene, ethyl benzene, xylene, chlorobenzene,
chloroform, 1,2-dichloroethane, and trichloroethylene from water. The
adsorption capacity of this adsorbent exceeded the capacity of compara-
ble activated carbons for all toxic organic compounds [36]. Liu et al. syn-
thesized the hydrophobic silica aerogel derived from water glass
precursor as an adsorbent to remove dieldrin compound from water
[34]. The adsorption of oils from pure liquid and oil–water emulsion
on hydrophobic silica aerogels was investigated by Wang et al. [35].
Other compounds such as THF, DMF, acetone, CH3CN, ethanol, AcOH,
and MeOH are various aqueous pollutants adsorbed on silica aerogel.
The results have shown that the adsorption capacity of silica aerogel is
greater than or equal to 7 g organics tested/g adsorbent [25].

A critical parameter in the large-scale production and commerciali-
zation of silica aerogel is the preparation cost. In this study, the follow-
ing three approaches have been adopted: (i) the use of inexpensive
startingmaterials such aswater glasses (sodium silicate), (ii) the devel-
opment of ambient pressure drying techniques instead of conventional
supercritical drying, (iii) the use of cheap solvent and gelation catalyst.

Different operational parameters such as time, temperature, pH of
solution, amount of adsorbent, and agitation speed can affect the effi-
ciency of removal in the adsorption processes, with the optimization
of these parameters being vital to achieve maximum efficiency [6,7].
Statistical techniques are integral to the design, improvement and opti-
mization of production processes. One of the statistical approaches is re-
sponse surface method (RSM) [37] that draws on useful statistical and
mathematical techniques to model and analyze processes in which the
desirable solution is affected by several variables and optimization is re-
quired. The most well-known RSM design is the central composite de-
sign (CCD), which offers an effective method for curvature prediction
of model and limiting the number of experiments. In this method, de-
sign points are categorized in three groups of center points, factorial
points and star points, which are further coded at five levels (−α,
−1, 0, 1, +α) [38,39].

To the best of authors' knowledge, there is a paucity of studies on the
adsorption of naphthalene fromwastewater using silica aerogel. There-
fore, in this paper the effect of operational parameters such as time, pH
of solution and amount of adsorbent on the removal of naphthalene
from wastewater is evaluated by adopting a central composite design
approach. It should be noted that in the present study, the synthesized
aerogels were prepared under desirable conditions using ambient pres-
sure drying method and low-cost materials such as industrial hexane
and ordinary cationic resin.

2. Experiments

2.1. Materials

Sodium silicate solution (Si precursor, molar ratio of SiO2:Na2O =
1:3.3, density = 1.35), ammonia solution (32%), isopropanol and
trimethylchlorosilane (TMCS), as the surface modification agent, were
all purchased from Merck Company. Industrial hexane and common
cationic resin were used to reduce the preparation cost. The required
naphthalene was purchased from Merck as the pollutant model
chemical.

2.2. Synthesis of silica aerogel

In thefirst step of silica aerogel preparation, the sodium silicate solu-
tionwas diluted by the by distilled water to hydrolyze (sodium silicate:
water (v/v) = 1:4). To replace Na+ with H+ in the sodium silicate
structure, the cationic resin was added to the diluted solution, leading
to a pH reduction of up to 2 to 3 units. Then, the ammonia solution
(1 M) was added as a gelation catalytic agent and the pH of solution
was increased to 4–5 units. In this step, the prepared solwas transferred
to the sealed Teflon vessel and placed in an oven for 4 h at 60 °C to com-
plete the gelation process. The aging stepwas performed by the immer-
sion of hydrogel in isopropanol at 60 °C for 24 h to strengthen its
structure. Similarly, to exchange thewater inside gel pores, thehydrogel
wasmaintained in hexane at 60 °C overnight. These steps were taken to
replace solvent with a lower surface tension and remove water (lower-
ing the capillary forces in the drying stage and reducing the consump-
tion of silylating agent). Then, a mixture of TMCS/hexane (30 vol%)
wasused for the surfacemodification of hydrogel,whichprompted hex-
ane diffusion in pores and strengthened the aerogel structure. Themod-
ified gel was washed with hexane for 40 min. Finally, to produce
aerogel, the wet gel was left under ambient condition overnight. The
drying was completed by increasing temperature with 1 °C/min from
ambient temperature up to 130 °C and keeping it constant for 30 min.

2.3. Characterization

To investigate the surface properties of aerogels, Fourier transform
infrared spectroscopy (FTIR) was performed in 400–4000 cm−1 region
by Avatar 370 (Thermo Nicolet) FT-IR spectrophotometer. The contact
anglewasmeasured to determine the hydrophobicity strength of mate-
rials by photographing the instrument. The specific surface area, cumu-
lative pore volume and pore size distribution were determined by
Brunauer, Emmett and Teller (BET) and Barrett-Joyner-Halenda (BJH)
methods using BELSORP-miniII (BEL Japan, Inc.). Also, the scanning
electronmicroscopy (LEO 1450VP)was used to observe themicrostruc-
ture and morphology of silica aerogel. The samples were prepared for
SEMusing gold nanoparticles as the surface coating agent. Also, theden-
sity of prepared silica aerogel was calculated by the pycnometer meth-
od. The following equation was used to measure the density:

ds ¼ C−Að Þ � dR

B−Að Þ− E−Cð Þ ð1Þ

where ds is the solid density, A is the mass of pycnometer, B is themass
of pycnometer + the mass of reference solvent, C is the mass of
pycnometer + the mass of solid, E is the mass of pycnometer + the
mass of reference solvent+ themass of solid and dR is the reference sol-
vent density (water in this study).

2.4. Liquid phase adsorption

In this experiment, the adsorbate was naphthalenewith amolecular
structure of C10H8 and molar mass of 128.17 g/mol. The kinetic studies
on the adsorption of naphthalene in a batch system were carried out
at 25 °C±1 °C in a pHof 6±0.5. In these experiments, a certain amount
of adsorbent (silica aerogel) was transferred to a reactor containing
13 mL of naphthalene aqueous solution at an initial concentration of
34 mg/L. In this step, 13 mL of prepared solutions with known initial
concentration were transferred to a 13-mL flask, followed by the addi-
tion of certain amount of adsorbent to eachflask and investigation of ad-
sorption rate at different times.

The residual concentration of the pollutant was determined by UV–
vis spectroscopy (Analyticjena, SPEKOL 1300) at the maximum absorb-
ing wavelength (λ = 275.5 nm) [40].

The adsorption of pollutant per unit gram of adsorbent (qe, mg/g)
was evaluated from the following equation:

qe ¼
C0−Ceð Þ � V

W
ð2Þ

where C0 and Ce (mg/L) are initial and equilibrium concentrations of

 

 

 



Table 1
Factors and their range in the CCD method for removal of naphthalene.

Factor Name Units Low
actual

High
actual

Low
coded

High
coded

A Time min 10.00 120.00 −1.000 1.000
B pH – 4.00 8.00 −1.000 1.000
C Conc. of

adsorbent
g/lit 2.00 4.00 −1.000 1.000

Fig. 1. FTIR spectra for hydrophobic silica aerogel.
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naphthalene in an aqueous solution respectively, V (L) is the solution
volume and W (g) is the mass of adsorbent.

In the pH study, HCl (1 M) and NaOH (1 M) were used to adjust the
pH value using a pH-meter (HANNA pH 211) with a glass electrode.

2.5. Adsorption experiments design

Different operational parameters such as time, the initial pH of solu-
tion, the concentration of adsorbent and their interaction were investi-
gated in the removal of naphthalene from wastewater. Subsequently,
the predictedmodel and the optimized conditions of adsorption process
were found. The range and level of parameters are presented in Table 1.

It should be noted that the required adsorbent was not prepared at
one stage, meaning that it was inevitably synthesized in a two batch ex-
periments. Thus, in the designing method, the adsorption experiments
were performed in two blocks. The design of experiments (with two
replications at the star and factorial points and four replications at the
center point) was obtained randomly, as presented in Table 2. Possibly,
since α can take any optional values, α=1.6818 was assumed in the
present designing procedure. All experiments were performed at
room temperature in an initial naphthalene concentration of 34 mg/L
in water. The functional relationship between the independent vari-
ables and response was modeled by an empirical second-order
Table 2
Central composite design plan and experimental results.

Run Block A: time (min) B: conc. of
adsorbent
(g/lit)

C: pH of solution Removal
amount
(ppm)

1 Block 1 120.00 8.00 4.00 22.28
2 Block 1 10.00 8.00 2.00 15.52
3 Block 1 120.00 8.00 2.00 23.08
4 Block 1 10.00 4.00 4.00 18.08
5 Block 1 65.00 6.00 3.00 20.84
6 Block 1 10.00 8.00 2.00 16.24
7 Block 1 10.00 8.00 4.00 21.12
8 Block 1 120.00 4.00 2.00 23.11
9 Block 1 10.00 4.00 4.00 16.37
10 Block 1 10.00 4.00 2.00 14.40
11 Block 1 120.00 8.00 4.00 23.03
12 Block 1 10.00 4.00 2.00 14.27
13 Block 1 120.00 4.00 2.00 24.84
14 Block 1 120.00 4.00 4.00 25.23
15 Block 1 10.00 8.00 4.00 19.50
16 Block 1 120.00 8.00 2.00 22.83
17 Block 1 120.00 4.00 4.00 24.39
18 Block 1 65.00 6.00 3.00 22.47
19 Block 2 65.00 6.00 3.00 24.52
20 Block 2 65.00 6.00 3.00 23.22
21 Block 2 65.00 2.64 3.00 22.43
22 Block 2 0.00 6.00 3.00 Deleted
23 Block 2 65.00 6.00 1.32 21.76
24 Block 2 157.50 6.00 3.00 20.78
25 Block 2 65.00 9.36 3.00 21.44
26 Block 2 65.00 9.36 3.00 21.99
27 Block 2 0.00 6.00 3.00 Deleted
28 Block 2 65.00 6.00 1.32 19.19
29 Block 2 65.00 6.00 4.68 25.68
30 Block 2 65.00 2.64 3.00 21.73
31 Block 2 157.50 6.00 3.00 23.72
32 Block 2 65.00 6.00 4.68 24.12
polynomial comprising of linear, quadratic and cross-product terms to
predict the optimum conditions, which can be expressed according to
the following equation:

Y ¼ β0 þ
Xk

i¼1

βixi þ
Xk

i¼1

βiix
2
i þ

Xk

i≤ j

Xk

j

βij:xi:xj þ…þ ε ð3Þ

where, β0 is the constant coefficient, βi is the linear coefficient, βii is the
quadratic coefficient and βij is the interactive coefficient [41].

3. Results and discussion

3.1. Characterization of prepared silica aerogel

The Fourier transform infrared spectroscopy (FTIR) of the prepared
silica aerogel is presented in Fig. 1. Peaks at 1090 cm−1, 758 cm−1

and 457 cm−1 can be attributed to the symmetric, asymmetric and
bending of Si-O-Si bonds respectively, which indicate the network
structure of silica aerogel. Given the surface modification with TMCS,
the peaks at 847 cm−1, 1260 cm−1 and 2960 cm−1 confirmed the pres-
ence of methyl groups on the aerogel surface. The weakened peak cen-
tered at 3450 cm−1 corresponds to the OH groups and physisorbed
Fig. 2. Contact angle photograph of water droplet on hydrophobic surface of silica aerogel. 



Fig. 3. N2 adsorption/desorption isotherms and pore size distribution plots for
hydrophobic silica aerogel.
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water molecules, thus verifying the desirable hydrophobicity of surface
[42,43].

The contact-angle photograph of the water droplet on the aerogel
surface is presented in Fig. 2. The high contact angle exhibits high hy-
drophobic strength and desirable surface modification. The contact
angle was obtained at 145°, which confirmed the presence of methyl
group (hydrophobic agent) bonded onto the surface [34].

Adsorption and desorption isotherms and pore-size distribution of
aerogel are shown in Fig. 3. The nitrogen adsorption following type-IV
isotherm indicates high mesoporosity in the structure of aerogel. The
presence of hysteresis loop is due to the capillary condensation in the
mesopores. Furthermore, major pores with a diameter of around
10.65 nm verified the mesopore structure. BET values of surface area,
pore volume and mean pore diameter were 823 m2/g, 3.63 cm3/g and
17.67 nm respectively [44,45]. (See Table 3).

To investigate the structure andmorphology of silica aerogel at high
magnification, the scanning electron microscope was employed. As
shown in Fig. 4, the porous structurewith a particle size b100 nm is ver-
ified [46].
3.2. Design experiment

The results of experimental design of adsorption tests are shown in
ANOVA table. The significance of the model and terms are determined
by statistical parameters such as F-value, P-value, lack of fit, coefficient
of determination (R2) and adjusted coefficient of determination (Radj.2 ).
If P-value is b0.05, the term will be significant but higher F-value pro-
vides an accurate prediction of experimental data. The lack of fit param-
eter corresponds to thefitting of themodelwith the non-significant lack
Table 3
Physical properties of hydrophobic silica aerogel.

Characterization results

Specific surface area (m2/g) 823
Total pore volume (cm3/g) 3.63
Mean pore diameter (nm) 17.67
Density (g/cm3) 0.18
Contact angle (°) 145
offit providing a desirable indication of themodelfitness. TheR2 param-
eter represents the strength of correlation between experimental data
and the statistical model whereas added number of terms increased
R2. On the other hand, the value of Radj.2 is increased by removing the
non-significant terms. The coefficient of variation (C·V) and adequate
precision are other parameters that must be determined. If the C·V
value is b10, the proposed model will be reproducible. The adequate
precision is a signal to noise ratio and a measure ratio of the predicted
values to the average prediction error. In which ratio N4 is acceptable
[47–49].

The ANOVA table was prepared using the backward elimination
method for the model improvement by removing the insignificant
terms, as shown in Table 4. The empirical quadratic model was estimat-
ed by RSMwhere R2 and Radj.

2 were equal to 0.904 and 0.877 respectively
(Eq. (4)). The significance of themodel was confirmed by the F-value of
34.37. Also, the insignificance of lack of fit relative to the pure error rep-
resented the fitness of the model properly. Also, the estimated C·V and
adequate precision of the relatedmodelwere 5.09 and 19.28 respective-
ly. In the adsorption of naphthalene onto the silica aerogel, A, C, AB, AC,
A2 are significant model terms. Considering the F-values, it can be con-
cluded that time is the most effective parameter in the adsorption pro-
cess.

Removalamount ¼ 22:39þ 3:29Aþ0:06B
þ 1:12 C−0:98AB−0:85AC−2A2 ð4Þ

The normal probability plot is a helpful instrument indicating the
normal distribution of residuals. In this plot, the points follow a straight
line. As shown in Fig. 5, the plot confirms the normal distribution of er-
rors with a mean zero (and constant but unknown variance as the un-
derlying assumption of the analysis) [50].

The residuals versus predicted response values plot was employed
to investigate the assumption of constant variance. As observed in Fig.
6, there is a random dispersion of points above and below the x-axis be-
tween ±3.0, which verify the adequacy and reliability of the proposed
models [51].

In this study, 3D plots are utilized to present the simultaneous effect
of two indepndent variables and their interactions. Therefore, two fac-
tors are considered as study variables and other factors are treated as
constant values, with the interaction of varible factors being evaluated
on the response value. In fact, these plots show the effect of one factor
on the response value at different levels of other factors. Also, it should
be noted that the 3D plots were achieved based on the proposedmodel.

Since there were 3 factors in the experimental design, 3 types of in-
teraction can be dsitinguished. As noted earlier, the interaction of AB
and AC were significant, and their effects on the adsorption process of
naphthalen are shown in Fig. 7. According to Fig. 7a, the naphthalene re-
moval process was increased rapidly at the outset of the reaction, and
subsequently the adsorption rate was marginally increased over time
and reached the equilibrium. The dramatic rise of removal efficiency
in the initial stages indicated the presence of numerous readily accessi-
ble sites. An increase in the adsorbed volume over time is due to greater
contact between the sorbent surface and naphthalene molecules.

As for the pH of solution, the results show that a medium pH level
does not have any significant effect on the removal effeciency of
naphtalene. To investigate the pH effect, the octanol-water partition co-
efficient (log K) must be evaluated for naphthalene molecule. Basically,
log Koct/wat is defined as the ratio of component concentration in a mix-
ture of two immiscible phases at equilibrium,whichdepends on the sol-
ubility of each phase. The high value of log Koct/wat represents the greater
tendency of molecule to the hydrophobic media [52]. In the process of
naphthalene adsorption from wastewater, the silica aerogel has a hy-
drophobic surface with a hydrophilic adsorption media (aqueous solu-
tion). Since the value of log Koct/wat for the naphthalene molecule is
3.30 [53], its molecules can be conveniently incorporated in hydropho-
bic media like silica aerogel at all pH ranges. Hence, the variation of pH

 

 

 



Fig. 4. SEM image of hydrophobic silica aerogel.
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did not have any effect on the removal of naphthalene, which was con-
sistent with the ANOVA results. On the other hand, the variation in the
amount of removal with respect to time axis was approximately identi-
cal to AB interaction in a 3D plot, as presented in Fig. 7b. The amount of
adsorbent was another significant variable in the adsorption of naph-
thalene on silica aerogel because an increase in the adsorbent created
greater adsorption sites for naphthalene molecules As shown in Fig.
7.b, the amount of naphthalene removal changed linearly with the ad-
sorbent concentration, but its effect declined gradually over time.

3.3. Optimization

One important goal of the experimental design is the optimization of
process. In this research, the goal was to reach maximum removal
amount of naphthalene from wastewater using silica aerogel. DESIGN
EXPERT software allows measuring the optimum value for the desired
purpose. Thus, for any variable and response value, several alterantives
such as maximum, minimum, target, within range, none (for responses
Table 4
ANOVA results for response surface reduced quadratic model.

Source Sum of
squares

df Mean
square

F-value P-value

Block 32.55 1 32.55
Model 241.45 6 40.24 34.37 b0.0001 Significant
A 179.19 1 179.19 153.06 b0.0001
B 0.10 1 0.10 0.089 0.7689
C 34.27 1 34.27 29.27 b0.0001
AB 15.23 1 15.23 13.01 0.0016
AC 11.51 1 11.51 9.83 0.0048
A2 48.35 1 48.35 41.30 b0.0001
Residual 25.76 22 1.17
Lack of fit 9.14 7 1.31 1.18 0.3706 Not

significant
Pure
error

16.61 15 1.11

Cor total 299.75 29 32.55
only) and exact values (factors only) can be assumed. The numerical op-
timization seeks to find a point that can maximize the desirability func-
tion. Simply put, desirability is a mathematical method to find the
optimum condition. The goal of optimization is to find a favorable set
of conditions that can fulfill all the goals rather than reach the desirabil-
ity value of 1.0.

For this purpose, the operational variableswere set at “within range”
and the “maximum value” was selected for the response. The result of
optimization is presented in Table 5. It is clear that under optimized
condition, the experimental response value is close to the pridicted re-
sponse value, with the results demonstrating the validation of the pro-
posed model. Also, it should be noted that the optimized condition is a
statistical output regardless of the economical issues, whereas its effects
need to be exmained in real-life process.
Fig. 5. The studentized residual and normal % probability plot. 



Fig. 6. Studentized residual versus predicted of removal of naphthalene.

Table 5
Model validation of removal of naphthalene at optimized condition.

Optimized condition Removal value of
naphthalene (mg/L)

Time
(min)

pH Conc. of adsorbent
(g/L)

Desirability Experimental Predicted

120 4 4 0.932 24.68 24.9
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3.4. Kinetic study

The prediction of adsorption rate is an important factor in the design
of adsorption process, because adsorbate residence time and reactor di-
mensions are determined by system's kinetics. The adsorption mecha-
nism has been determined in various kinetic models. In the present
study, Lagergren's pseudo-first-order and Ho's pseudo-second-order
expressionswere used to investigate the adsorption kinetic. Lagergren's
equation has been used for the adsorption of different pollutants onto
many adsorbents, but it is especially suitable for the initial times of the
process [54]. It is obvious that in Lagergren's equation, the kinetic con-
stant is achieved by plotting log(qe−qt) versus t.

log qe−qtð Þ ¼ logqe−
K1t

2:303
ð5Þ

where qtand qe are respectively the amount of adsorption at time t and
equilibrium (mg/g) and K1 is the pseudo-first-order rate constant
(min−1).

Ho's model is often used to predict the kinetic of process when the
chemical bond is formed between the solute and solid in the adsorption
by various forces using the sharing or exchange of electrons as covalent
forces [55]. In accordance with the following equation, qe and K2 can be
measured by plotting t/qt versus t.

t
qt

¼ 1
K2q2e

þ t
qe

ð6Þ
Fig. 7. 3D plots obtained from proposed model for removal of napht
where K2 is the rate constant of second order adsorption (g/mg·min).
The slope and intercept in t/qt versus t plots (figures are not shown)
were used to calculate the second order rate constant K2.

Kinetic experiments were carried out under following conditions
(pH = 6, sorbent = 2 g/L and time = 5 to 120 min). The pseudo sec-
ond-order rate constant (K2), correlation coefficients (R2) and experi-
mental and calculated uptake capacities (qe) are presented in Table 6.
As can be seen, it is obvious that the coefficient of determination in
Ho's equation is larger than that of Lagergren's equation. Moreover,
the predicted qe value in the Ho's model is more consistent with the ex-
perimental qe. This model was utilized to adsorb organic compounds
from the aqueous solution and to predict adsorption process at low con-
centration. Probably, the covalent bond was the result of hydrophobic
surface of silica aerogel and non-polar nature of naphthalene.
4. Conclusion

In this study, hydrophobic silica aerogel was synthesized using sodi-
um silicate precursor and ambient pressure dryingmethod. Also, the in-
dustrial solvent and common cationic resin were used to reduce the
preparation cost. The results of characterization revealed that the use
of these materials had no considerable effect on the properties of silica
aerogel such as specific surface area, pore volume, density and
hydrophobicity.

This study was the first attempt in which the prepared silica aerogel
was used to remove naphthalene from water media. To optimize ad-
sorption parameters, the CCD experimental design method was used
with factors such as time, pH of solution and amount of adsorbent
being assumed as operational variables. ANOVA results verified appro-
priate statistical parameters such as coefficient of determination
(R2 = 0.903), adjusted coefficient of determination (Radj.2 = 0.877), co-
efficient of variation (5.09) and adequate precision (19.23). In the end,
a second order model was proposed. The results indicated that time
and amount of adsorbent were significant variables, though it was not
the case for the pH of solution. The optimized values of time
(120 min), pH of solution (pH = 4) and amount of adsorbent (4 g/L)
were obtained. The consistency between the predicted and experimen-
tal results under this condition verified the validity of the optimal point
achieved in this study.
halene. a) time-pH interaction, b) time-conc. of ads. interaction.  



Table 6
Kinetic parameters for Ho model and Lagergren model.

Ho's pseudo-second-order Lagergren's pseudo-first-order

qe (mg/g) R2 K2 (g/mg·min) qe (mg/g) R2 K1 (1/min)

Experimental Predicted Experimental Predicted

0.0375 0.9413 12.25 6.24 0.014 0.9985 12.25 12.77
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