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1. Introduction

Abstract. Phenolic compounds are important environmental pollutants, whose separa-
tion and removal from water and industrial wastewater, especially in the oil industry, is
essential. In the present research, the efficiency of an adsorbent silica aerogel in removing 4-
Chlorophenol(4-CP) and 4-Bromophenol(4-BP), as phenolic compounds, from an aqueous
solution, is studied, and the effects of various factors, such as contact time, pH and initial
concentration, are analyzed. It was observed that the amount of adsorption increases at
low pH, and this amount increases by incrementing the concentration of the emissions.
Additionally, increasing the amount of adsorbent causes a decrease in halophenols. Results
show that 4-BP is much better than 4-CP for adsorbtion onto the silica aerogel. Langmuir
and Freundlich adsorption isotherms have been applied to model the equilibrium adsorption
data. The study on the adsorption isotherms of these contaminants shows that adsorption
of these emissions follows the Freundlich isotherm. In addition, adsorption kinetics
using pseudo-first-order and pseudo-second order equations, elovich, and an intra-particle
diffusion model, were analyzed. The results showed that the uptake of these compounds
follows the intra-particle diffusion model and pseudo-second order equation.

© 2015 Sharif University of Technology. All rights reserved.

Thus, the removal and separation of these compounds
have been highlighted by many researchers. For the

Water pollution, caused by chemical substances pro-
duced in various industrial units entering surface wa-
ter or groundwater, is a major threat to the envi-
ronment [1-3]. Overcoming this threat is a serious
challenge [4]. Hence, extensive activities concerning
industrial wastewater treatment before entering the en-
vironment, in order to remove pollutants, are necessary.
Among different pollutants, phenol and its derivatives
in the presence of sewage, in many industries, including
refineries, petrochemical, wood, steel, coal, rubber,
paper, plastics, paint etc. are of great importance.
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separation of these compounds, there are various meth-
ods such as biological filtration [5,6], solvent extrac-
tion [7], chemical oxidation [8], photodegradation [9],
coagulation [10], ion exchange [11], electrochemical
methods [12], and adsorption [13,14]. Among the
methods mentioned, adsorption technology has been
mostly developed because of lower operating costs, eas-
ier operational control and, most importantly, its direct
process [15]. Adsorption is a process in which molecules
of fluids are collected on the surfaces of an adsorbent.
Many adsorbents have been employed for the removal
of phenolic compounds from wastewater [1,4,14,16-20].
Due to the constraints, such as difficult access, lack
of high-efficiency, high cost of restoring the adsorbent,
and so on, there is a growing interest in the high
performance and easy use of adsorbents. Hence,
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assessment of other adsorbents to find an appropriate
one is necessary. Silica aerogel is a very porous and
nanostructured solid that has specific physical and
chemical characteristics. Silica aerogel is chosen as an
adsorbent due to its high specific surface area and high
level of porosity.

Phenol is an aromatic compound which is derived
from benzene and substituted for hydrogen by adding
a hydroxyl group to the carbon. Halophenols are a
group of organic compounds which are formed through
substitution of one or more halogen atoms in the phe-
nolic ring. The solubility of halophenols is low in water
and this solubility becomes even less by the increasing
number of halogens in their structure. 4-chlorophenol
and 4-bromophenol are kinds of halogenated phenol by
which the chlorine and bromine are attached to the
fourth ring on the benzene as halogens. The presence of
these compounds in water causes an unpleasant flavor
and makes water unsuitable for consumption. Due to
their toxic effects and carcinogenic nature, these mate-
rials are considered harmful to the environment. Silica
aerogel materials are porous nano structures, which
have characteristics such as high porosity, low density,
high specific surface area, environmental sustainability
and ability of use in a variety of applications. A
significant application of these materials is their role
as an adsorbent [21-23].

In this study, a silica aerogel was synthesized by a
water glass precursor and an ambient pressure drying
method. After characterization of silica aerogel prop-
erties, it was used as an adsorbent to remove 4-CP and
4-BP from an aqueous solution. The effect of several
elements such as adsorption time, pH of the solution,
initial concentration of contaminant and adsorbent
dosage on the adsorption was studied. Adsorption
kinetics were analyzed using pseudo-first order, pseudo-
second order, elovich and intra-particle diffusion model
equations. Also, Langmuir and Freundlich adsorp-
tion isotherm models were used for analysis of the
results.

2. Materials and methods

4-chlorophenol (4-CP, Sigma Aldrich-USA) and 4-
bromophenol (4-BP, Fluka) as contaminants, 4-
aminoantipyrine, potassium ferricyanide, ammonium
chloride and ammonium hydroxide, all from Merck,
were used to analyze the pollutants in water. Sodium
hydroxide and hydrochloric acid (Merck chemicals)
were used to adjust the pH of the solutions.

Solutions were prepared in distilled water. A
stock solution of halophenols was prepared by dissolv-
ing 0.1 g of halophenol in 100 ml balloons. The concen-
tration of phenolic components was spectrophotometri-
cally measured by a colorimetric method using a M501
Single Beam Scanning UV /Visible Spectrophotometer.

Sodium silicate

(density 1.35)

Deionized water

Sodium silicate solution
(density 1.07)

Sodium silicate solution
(density 1.07)

NH,OH (1 M) |

Gel formation stage

The aging

Solvent exchange & surface modification

Drying

Figure 1. Block flow diagram of the silica aerogel
synthesis.

2.1. Synthesis of silica aerogel

Synthesis of silica aerogel is generally divided into
three stages: Preparation of the gel, the aging process,
changing the solvent and surface modification, followed
by gel drying.

The schematic diagram in Figure 1 shows the
several stages of the synthesis.

A sodium silicate solution with a density of
1.35 g/cm? is diluted with deionized water to reach
the desired density of 1.07 g/cm?®. Then, ion-exchange
resin (Amberlite 120 H*, Merck) was used to replace
the Nat ions and H ions. To accomplish the complete
exchange process, the sodium silicate solution was
mixed with the same volume of resin for 15 minutes
under severe mixing conditions. If the mixing process
is undertaken slowly, the prepared sol can be changed
to solid gel immediately at pH of about 4. Before
performing ion exchange, the solution pH was about
11.5 to 13, but, after ion-exchange, due to the release
of HT ions, the pH of the solution reached 1-2.

For gel formation, the pH of the resulting solution
should be adjusted in a range of 3.8-5, and this
is done by adding an ammonium hydroxide (1 M)
catalyst. The resulting solution was then transferred
to containers with Teflon lids, leaving the cell for gel
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formation to complete. It may take a few minutes to
several hours, depending on the pH of the cell.

After gel formation, 3 hours were required for
completion of the gel aging step in an environment
impervious to air. The aging step is necessary to
complete the reactions of the gel formation process and
also to strengthen the gel structure. It also reduces the
risk of gel breaking. The gel was immersed in an alcohol
and solvent media for 36 hours to accomplish the aging
step in the alcohol and in changing the solvent. The
aging step, solvent exchange, and surface modification
steps were carried out at 60°C to increase the reaction
rate and decrease the reaction time. Because of the
volatile solvent used in the reactions, it is not possible
to perform the reaction at high temperatures. The
optimal time for the reactions was 36 hours.

Surface modification in the solution was operated
at 60°C for 24 h with respect to predetermined effective
parameters. After this step, the obtained gel was dried
at 24°C overnight. Further drying was done at 160°C
for 1 h through a ramped slow heating to avoid sudden
shock heating.

2.2. Specifications of silica aerogel
Aerogel density was determined by weighing the vol-
ume of the sample. The surface area was measured by

SEM MAG: 50.00 kx  Det: SE Detector
SEM HV: 15.00 kV WD: 6.6420 mm 500 nm

VEGA\\TESCAN  SEM MAG: 50.00 kx  Det: SE Detector

SEM HV: 15.00 kV/ ‘WD: 6.3831 mm 500 nm

BET analysis using the amount of Ny gas adsorbed
in different partial pressures. Pore size distribution
was obtained from BJH results. The hydrophobicity
of samples was determined by the contact angle of
water with the aerogel surface. Organic and inor-
ganic bonds of the aerogel were evaluated by using
FTIR analysis, which gives information about the
various chemical bonds of C-H, Si-C, Si-O-Si, Si-OH,
and -OH [23,24]. Differential weight loss and phase
changes were measured using TG-DTA, considering
temperature variations from 30 to 500°C and 10°C/min
heating rate. The morphology and pore structure of
the silica aerogel were observed by Scanning Electron
Microscopy (SEM).

Properties of the synthesized aerogel were char-
acterized with contact angle, SEM, BET, BJH, and
TG/DTA tests, and the results are presented in Ta-
ble 1. The SEM image for samples synthesized is shown
in Figure 2. Asis clear from this figure, the synthesized
samples have nano-porous structures.

TEM images of hydrophobic silica aerogels were
obtained using Philips EM208 operating at an accel-
eration voltage of 90 kV. As shown in Figure 3, the
diameters of the pores in the sample were mainly
distributed from 5 to 60 nm, which are confirmed
by BJH results. The TEM image indicated that the

VEGA\\TESCAN
a

Figure 2. SEM result of aerogel synthesized (Tescan company model TS5136MM).

Table 1. Characteristics of the synthesized aerogel.

Parameter Value

Equipment

Density 0.11 gr/cm®
Contact angle
600-850 m?/gr

2.36-2.6 cm®/gr

Surface area

Total volume of pores

Average pore size 16.5 nm
Thermal stability Up to 400°C
Porosity > 95%

143°, Super hydrophobic

Microbalance scale, (107" g precision, Mettler)
Data physics - OCA 15 plus

Belsorb, Japan

Belsorb, Japan

Belsorb, Japan

Pyris diamond, from Perkin Elmer Co

(1 = (pacrogel — psilica)) * 100
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90Kv Philips EM208

Figure 3. TEM image for hydrophobic silica aerogel
(Philips EM208).

prepared materials were nanoporous and formed from
nanoparticles with few nanometers.

2.3. Colorimetric method for estimating the
concentration of phenolic compounds

This method is based on photometric tests that show
that phenolic compounds react with 4-aminoantipyrine
at pH of 10 in the presence of free potassium cyanide.
For each 100 ml of a solution that contains pheno-
lic compounds, 2 ml of buffer solution, 2 ml of 4-
aminoantipyrine solution (20 g/L) and, finally, 2 ml of
potassium ferricyanide (80 g/L) were added to balance
the pH to 10. After that, a buffer solution containing
16.9 g ammonium chloride was mixed with 143 ml
ammonium hydroxide and the solution was brought to
250 cc by adding distilled water. After 30 minutes,
an antipyrine red color formed and the absorbance was
measured at a wavelength of 510 nm [25,26].

2.4. Adsorption studies

Adsorption of phenolic compounds was undertaken
onto the synthesized adsorbents. Due to the low
density of silica aerogel, a continuous system with
reflux was used at ambient temperature. Solutions
of various levels of phenolic compounds were prepared
and were placed in contact with 0.05 g of adsorbent.
After the adsorption process and reaching equilibrium,
the concentration of the adsorbate was determined by
a UV-spectrophotometer. In order to increase the
accuracy of measurement, the UV absorption intensity
of each sample was measured three times and the
equilibrium concentration was taken as the average of
three numbers, based on a standard calibration curve
whose correlation coefficient square was 0.99. The

adsorption capacity was calculated using Eq. (1):

Ge :(CO_CE)%v (1)

where ¢. is the adsorption capacity (mg/g) of the
adsorbent at equilibrium; Cy and C, are the initial and
equilibrium concentrations of the adsorbate in solution
(mg/L), respectively, V is the volume of solution (L),
and m is the mass of adsorbent (g).

2.5. Adsorption kinetic studies of phenolic
compounds

To study the kinetics of phenolic pollutants adsorbed

on the adsorbent, 0.05 g of the adsorbent is placed

in contact with 1100 ml of phenolic solution, and the

amount of adsorption at different times was calculated

using Eq. (2):

qt = (Co - Ct)%; (2)

where ¢, is the amount of adsorption at time t (mg/g),
Cy is the initial concentration (mg/L), C; is the
concentration at time ¢ (mg/L), V is the volume of
the solution (L), and m is the mass of adsorbent (g).

3. Results and discussion

3.1. Effect of contact time

The effect of contact time on the adsorption of halophe-
nol versus equilibrium was studied. Absorption results
are shown in Figure 4. As can be seen, the early
adsorption process is fast. Rapid adsorption is due
to the interfacial bonding of species on the surface of
the adsorbent. According to Figure 4, after 18 hours,
any specific change in the adsorption capacity was not
observed and the slope remained relatively constant.
However, to ensure, equilibrium time was considered
for 20 hours.

3.2. Effect of pH
In this study, the effect of pH on the adsorption
capacity was studied. pH was adjusted from 5 to 9 (5,
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Figure 4. Effect of contact time on removal of 4-CP and
4-BP on silica aerogel adsorbent; initial concentration= 50
mg/L, adsorbent dosage= 0.05 g, and pH=5.
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Figure 5. Effect of pH on removal of 4-CP and 4-BP on
silica aerogel; initial concentration= 50 mg/L, adsorbent
dosage= 0.05 g.

7,9) by adding HC1 0.1 N and NaOH 0.1 M. The results
are shown in Figure 5. According to the results, it can
be seen that halophenols adsorption by silica aerogel
is higher at acidic pH. This is probably due to the
protonation of the adsorbent surface at low pH, which
led to the higher adsorption of halophenolic ions. These
ions are negatively charged and are directly adsorbed
by the electrostatic on the adsorbent surface. Also
non-ionized molecules of pollutants may be adsorbed
by physical force. At high pH value, the presence
of OH™ ions can compete with halophenol molecules
to reach the adsorption sites. Excessive adsorption of
OH ™ ions can fill the adsorbent surface with positive
charges, which converts it to a negatively charged
surface. Therefore, desorption of halophenol ions is
occurred and pollutant adsorption is reduced.

3.3. Effect of initial concentration

The initial concentration of the solution is an important
factor affecting the adsorption capacity. Figure 6 shows
that by increasing initial concentration, the equilibrium
adsorption capacity increases for both pollutants. This
is because the initial concentration of halophenols is
the major driving force in overcoming the resistance of
the mass transfer pollutants from the aqueous phase

70 9
—a— 4-BP
604 | —e—4-CP
«.am- 4-BP (Freundlich)
509 | ceuaes 4-CP (Freundlich)
20404
2
Z 30
>
20 4
10 4
0 T T T T y y
0 10 20 30 40 50 60

C (ppm)
Figure 6. Effect of initial concentration on removal of
4-CP and 4-BP on silica aerogel; pH=5, adsorbent
dosage= 0.05 g. Results compared with Freundlich model
are obtained in Table 2.

on the surface of the solid adsorbent. Thus, access
of halophenols to the active sites of the adsorbent is
improved by increasing the initial concentration. The
adsorption curve slopes of the initial concentration at
50 ppm show that the adsorbent is still not saturated
at this concentration. Therefore, with increasing initial
concentration, the capacity of the adsorbent will be
greater. This proves the existence of a great number of
adsorption sites on the adsorbent.

3.4. Adsorption isotherm

Many models describing experimental adsorption
isotherm data have been published in the litera-
ture [27]. Langmuir and Freundlich isotherm models
are widely used for the design of phenolic compound
adsorption systems. In this study, two equilibrium
isotherm models were applied at constant tempera-
ture to describe the equilibrium between halophenol
molecules adsorbed on the adsorbent and solute. The
Langmuir isotherm adsorption phenomena occur on a
homogeneous adsorbent, whereas the Freundlich ad-
sorption isotherm shows a heterogeneous distribution
on the adsorbent.

3.4.1. Langmuir isotherm
The Langmuir isotherm is mathematically expressed
as:

e = lqmlx/fzce ) (3)
+ I&LCG
where ¢, is the adsorption capacity of the adsorbent at
equilibrium (mg/g), C. is the equilibrium concentra-
tion of the adsorbate (mg/L), and ¢, (mg/g) and K,
(L/mg) are Langmuir isotherm constants, respectively,
depending on the theoretical maximum capacity of a
single layer and adsorption rate [28].
The linear form of the equation is as follows:

C. 1 C.

= — + —. (4)
qe ALqm dm
By plotting changes in C. /¢, against C., constants K,
and ¢, can be obtained from the slope and intercept

diagrams.

3.4.2. Freundlich isotherm
The Freundlich isotherm is a non-linear form as fol-
lows [29]:

1
Ge = krCe ) (5)

where, kr and n, respectively, are Freundlich constants
that indicate adsorption capacity and adsorption inten-
sity. Constants kr and n are obtained from the linear
regression analysis of Eq. (5):

1
lnqezlnkp—l—ﬁlnC’e. (6)

When the value of 1/n is in the range of 0.1-1.0,
favorable adsorption occurs [30].
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Table 2. Langmuir and Freundlich constants for adsorption of 4-CP and 4-BP on silica aerogel.

Langmuir

2 Freundlich

Adsorbate R?
Ky (Lmg™) gm (mgg™") kr (mgg™) n
4-BP 0.0063 270.2703 0.5923 2.3729 1.1809  0.9919
4-CP 0.0032 238.0952 0.3014 0.9368 1.1046  0.9901
The isotherm data is linearized using the Lang- % = ko(qe — %)2 (9)
muir and Freundlich equations. The data of these dt ‘ ’

isotherms are presented in Table 2. According to the
result, the adsorption behavior of halophenol on silica
aerogel was in close agreement with the Freundlich
equation.

3.5. Adsorption kinetics

A kinetic study of the adsorption process is crucial,
because its information is very valuable and provides
mechanisms for the adsorption process. The natural
adsorption process is controlled by 3 diffusion stages:

1. Mass transfer in the liquid film surrounding the
adsorbent;

2. Transfer of the film adjacent to the surface of the
adsorbent;

3. Transfer into the active sites of the adsorbent.

This will be followed by binding species on the adsorp-
tion site.

The slowest step among the above-mentioned
diffusion stages is determining the rate of adsorp-
tion. This is often the second stage, which leads
to adsorption, or the third stage, which results in
diffusion of the intra-particle. In the present work,
the kinetic data have been analyzed using pseudo-first-
order, pseudo-second-order, elovich and intra-particle
diffusion models.

3.5.1. Pseudo-first-order

The kinetics of the first degree is one of the most widely
used in aqueous solutions to describe the kinetics of
adsorption of a substance to dissolve relations. The
first order equation of Lagergren is generally stated as
follows [29]:

dqq
— =Fki(qe — ; 7
i 1(q Qt) ( )

where ¢, and ¢; are the amounts of phenolic compo-
nents adsorbed (mg/g) at equilibrium and at time ¢
(hr), respectively, and k; is the rate constant of pseudo-

first-order sorption (hr=!'). The integrated form of
Eq. (7) is:

In(ge — ¢:) = Inge — kyt. (8)

A plot of ln(ge — ¢;) against ¢ should give a linear
relationship with slope k; and intercept of In g..

3.5.2. Pseudo-second-order
The pseudo-second-order kinetic rate equation is ex-
pressed as follows [30]:

where ks is the rate constant of pseudo-second-order
sorption (g/mg.hr). The integrated form of Eq. (9) is:
1 1

= — + kot. (10)
de — 4t de

Eq. (10) can be rearranged to obtain Eq. (11), which
has a linear form:

1 1 \1 1
Sul i I 11
@ (hqﬁ) t o qe (11)

The plot of 1/¢ against 1/t of Eq. (11) should give a
linear relationship. The ¢. and ks can be determined
from the slope and intercept of the plot.

3.5.3. Elovich model

The applicability of the elovich equation for the adsorp-
tion process is also examined. The elovich equation is
generally expressed as [33]:

d

% = ae P, (12)
To simplify the elovich equation, Chien and Clayton
(1980) [33] assumed that a5, and, by applying bound-
ary conditions ¢ = 0 att = 0 and ¢ = ¢q; at t = ¢,
Eq. (12) becomes:

1 1
qt 3 In(af) + 3 Int, (13)
where, « is the initial sorption rate (mg/g.hr), and S
(g/mg) is the extent of surface coverage which depends
on the activation energy adsorption.

Thus, a plot of ¢; vs In () should yield a linear
relationship with a slope of (1/3) and an intercept of
(1/8)Ln(a3), if the sorption process fits the elovich
equation

3.5.4. Intra-particle diffusion model

The adsorbent structure and its interaction with the
adsorbate affect the mass transfer rate, so that the
motion of the solute is a function of the concentration
gradient [34]. If the adsorption process of the adsor-
bate on the adsorbent is the determining step of the
adsorption rate, the absorption data can be described
by [35]:

@ = kit"® + C, (14)
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Table 3. Kinetic parameters for adsorption of 4-CP and 4-BP on silica aerogel.

Kinetic model Parameters 4-Bromophenol 4-Chlorophenol
R? 0.8804 0.9441
Pseudo-first-order k1 (hrfl) 0.1430 0.1606
ge (mg/g) 75.3995 36.4121
R? 0.9481 0.9722
Pseudo-second-order k2 (g/(mg.hr)) 0.0016 0.0026
ge (mg/g) 75.1880 40.8163
R? 0.9497 0.9588
Elovich a (mg/g.hr) 16.1812 8.4656
B (g/mg) 0.0473 0.0962
R? 0.9804 0.9763
Intra-particle diffusion  %; (mg/g.hr®"?) 13.802 7.5403
C (mg/g) 3.6046 2.6614

Table 4. Comparison of adsorption capacity for various adsorbents in order to eliminate halophemols.

Adsorbent Adsorbate g. (mg/g) Reference
TMP-smectite 4-CP 40 [36]
Dodecylammonium bentonite (DDAB) p-CP 4.5 [37]
Carbonaceous 4-BP 40.7 [38]
Standard activated charcoal 4-BP 90 [38]
Silica Aerogel 4-CP 34 Current study
Silica Aerogel 4-BP 65 Current study

where, k; is the intra-particle diffusion rate constant
(mg/g.min®%) and C (mg/g) is the boundary layer
diffusion effects. Parameter C is representative of the
boundary layer thickness. In other words, the greater
value of parameter C indicates that the thickness of
the adsorbent layer, in which the adsorption occurs, is
larger.

The results of applying kinetics models to correct
the data are given in Table 3.

3.6. Comparison with other adsorbents

As mentioned previously, the adsorption capacity de-
pends on various factors such as interaction type, pH,
initial concentration, etc. Hence, comparison must
be made under completely equal conditions. Table 4
shows a comparison of the adsorption capacity of
various adsorbents for halophenols.

4. Conclusion

In this study, the adsorption of phenolic component
from aqueous solution using silica aerogel was investi-
gated. Contact angle, SEM, BET, BJH, and TG/DTA
tests were used to characterize the properties of the
synthesized aerogel. The silica aerogel is applied as
an adsorbent. The results indicate that the adsorption
capacity of the adsorbent was considerably influenced

by initial pH, initial concentration and contact time.
The outcomes show that the amount of halophenol ad-
sorption increased by the rising of initial concentration.
The results also indicated that the uptake of halophenol
took place at a pH of 5, and, then, the adsorption
of phenol decreased by pH increasing. Equilibrium
data fitted very well in a Freundlich isotherm equa-
tion, confirming the heterogeneous distribution on the
adsorbent.

The pseudo-first-order, pseudo-second-order, elo-
vich and intra-particle diffusion kinetic models were
used to analyze the data obtained for 4-CP and 4-BP
adsorption onto silica aerogel. The results show that
the intra-particle diffusion and pseudo-second-order
model provided the best correlations for the adsorption
data. Future studies should focus on a scale up of
the setup, and evaluation of the adsorption capacity
of silica aerogel for removing phenolic compounds from
wastewater. Also, adsorption of halophenols using a
modified silica aerogel with amine groups and their
composites is suggested for future work.

Nomenclature

4-CP
4-BP

4-Chloro phenol

4-Bromophenol
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NH,OH Ammonium hydroxide

HCl Hydrochloric acid

NaOH Sodium hydroxide

Qe Adsorption capacity of adsorbent at
equilibrium (mg/g)

q Adsorption capacity of adsorbent at
time ¢ (mg/g)

Co Initial concentration (mg/L)

Ce Equilibrium concentration (mg/L)

Cy Concentration at time ¢ (mg/L)

V Volume (L)

m Mass of adsorbent (g)

Gm Langmuir isotherm constant (mg/g)

Ky Langmuir isotherm constant (L/mg)

kp Freundlich constant

n Freundlich constant

t Time (hr)

k1 Rate constant of pseudo-first-order
sorption (hr—1)

ko Rate constant of pseudo-second-order
sorption (g/mg.hr)

a Initial sorption rate in Elovich model
(mg/g.hr)

8 Extent of surface coverage in Elovic
model(g/mg)

k; Intra-particle diffusion rate constant
(mg/g min®)

C Boundary layer diffusion effects in
intra-particle diffusion model (mg/g)
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