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ABSTRACT

In this study, an adsorbent based on nanosilica molecules was synthesized by chemical activation and
changing the structure of a sodium silicate )Na,SiO,(. The adsorbent was characterized by scanning
electron microscope/energy-dispersive X-ray spectroscope, X-ray diffraction analysis, transmission
electron microscope, and Brunauer—-Emmett-Teller analysis for morphologic properties and determi-
nation of specific surface area. Sorption experiments were carried out to evaluate the effects of vari-
ables, such as initial dye concentration, contact time, and pH on the dye removal. Different isotherm
and kinetic models were used to evaluate the sorption equilibrium and describe the sorption process.
More than 75% removal efficiency was obtained within 15 min at adsorbent dose of 10 g/L for initial
dye concentration of 150 mg/L. The maximum sorption capacity was found to be 92.9 mg/g at pH 10
and 70.9 mg/g at pH 9 for RB and MB, respectively. The best fit was achieved by the Langmuir iso-
therm equation (R? values =0.99 and 0.98) for RB and MB, respectively. The kinetic studies showed that
the RB and MB dye sorption onto the nanoadsorbent was best described by the pseudo-second-order
kinetic model. This study showed that the sodium silicate nanoadsorbent can be an ideal adsorbent for
dye removal and may also be used in environmental research in other fields.
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1. Introduction

Many industries such as printing, textile, pharmaceutical,
and food use different colored dyes in various applications to
prepare products. Owing to continuous discharge of effluent
from processing plants into the water stream, the presence
of pollutants, toxins, and carcinogens in the environment

* Corresponding author.

is a serious issue [1]. Two of the commonly used industrial
colorants that are soluble in water are rhodamine B (RB) and
methylene blue (MB). Because of their carcinogenic nature, the
entrance of RB and MB into the environment and subsequently
the food chain is a threat to human health [2]. Illegal dis-
charges spurred by low social awareness or lack of concern for
their environmental impact have been reported [3]. Recently,
different chemical or physical methods such as chemical or
electrochemical oxidation, photocatalytic processes, and
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adsorption by natural or synthetic adsorbents have been used
to treat colored wastewater. Among these methods, adsorp-
tion is the most developed method of dye removal because
of the low cost of operation, high efficiency, and low impact
on the environment [4]. Different natural and synthetic mate-
rials such as active carbon, zeolite, bentonite, modified jute,
and biomaterials have been used as adsorbents [5-7]. With the
development of nanotechnology to directly improve different
processes, nanomaterials with high surface areas have been
used to increase the concentration of adsorbed dyes and to
ensure high removal rates of these dyes [8]. However, there
have been demands for cost-effective technologies for the
removal of dye from colored wastewater. As a result, sodium
silicate nanomaterials, a series of metal silicates, have attracted
the interest of researchers owing to their highly effective scav-
enging of pollutants. Many researchers have investigated var-
ious methods for preparing suitable silicate nanoadsorbents
[8-10]. Recently, Tian et al. [2] prepared magnesium silicate
magnetic hierarchical nanotubes (MSMHNSs). Because of their
excellent features, MSMHNSs have been chosen as the car-
bon-assisted adsorbents for fast removal of cationic dyes [2].
Sodium silicate is a high-molecular weight compound that is
also an effective scavenger of pollutants [11]. Owing to the
large number of pores in the sodium silicate structure, it can
adsorb pollutants through its stacking interaction. A literature
review shows that there have been no reports on the use of
sodium silicate nanoadsorbent for the removal of organic dye
pollutants from aqueous solutions. The present study deals
with the preparation and characterization of sodium silicate
nanoadsorbent by a simple technique (chemical activation)
and its application on the adsorption and determination of
adsorption isotherms with various dyes such as RB and MB.
The structural and physicochemical properties of the adsor-
bent were also characterized.

2. Materials and methods
2.1. Materials

The dyes, MB and RB, were purchased from Merck
Company, Germany. The dye solutions of various
concentrations (10, 20, 30, 50, 100, and 150 mg/L) in all exper-
iments were prepared from a stock solution with a defined
concentration of 1,000 mg/L. Using 0.1 M of HCl and NaOH
from Merck Company, Germany, the pH of the solutions was
adjusted to values between 5 and 12.

2.2. Synthesis of silica nanoadsorbent

To prepare the silica adsorbent, a sodium silicate
(Na,SiO,) solution with specific weight of 1.35-1.36 g/mL
(Merck, Germany) was mixed with water in a volume ratio
of 1:3; the mixture was agitated by a mechanical stirrer at
1,000 rpm at 20°C + 5°C (room temperature) for 20 min. After
dispersion of the powder in water, the volume of the solution
reached 1 L. To form nanometer-sized particles, 65% hydro-
chloric acid (Merck, Germany) was added to the mixture in a
volume ratio of 1:10, to obtain a 15% solution of the original
sodium silicate solution in a container made of polyethylene.
The precipitated SiO, was heated for 10 min and then cooled
at room temperature. Finally, the precipitated SiO, was
separated and washed with distilled water. The separated

precipitated SiO, was dried in a cyclone dryer based on the
method of reverse isotope dilution analysis [12].

2.3. Characterization of silica nanoadsorbent

The X-ray diffraction (XRD) spectrum of the silica nanoad-
sorbent was recorded with a diffractometer (PW171/00,
Philips, The Netherlands) and the adsorbent was prepared
as KBr pellets. Images of the adsorbent were obtained with
a scanning electron microscope (SEM; XI-30 ESEM-FEG,
Philips, The Netherlands) using Cu-coated samples. The spe-
cific surface area of the adsorbent (Brunauer—-Emmett-Teller
analysis) was performed on a surface-area analyzer (SA-9600,
Horiba, Japan).

2.4. Adsorption experiments

The experiments for dye removal were conducted in a
batch reactor with a volume of 100 mL. First, 0.1 g of the sil-
ica nanoadsorbent was shaken in 100 mL dye solutions with
different concentrations (10, 20, 30, 50, 100, and 150 mg/L) at
25°C. After this stage, the effect of variables such as nanoad-
sorbent dosage (10, 20, 30, 40, and 50 g/L) and time (5, 10,
15, 20, 30, 40, and 50 min) was determined. To determine
the final concentration of the dyes, the samples were centri-
fuged to separate the nanoadsorbent from the solution. The
UV-vis absorption spectroscopy was recorded using a Hatch
1600 PC spectrometer. The final concentration of a dye in a
sample was determined by absorbance measurements at 562
and 663 nm for RB and MB, respectively, based on standard
methods for water and wastewater examination [13]. The
adsorption capacity was calculated using Eq. (1):

C,-C)Vv
JELS hens) 14 o ) (1)
where g, is the adsorption capacity of RB and MB at a par-
ticular time t (min), C, and C, are the concentrations of the
dye (mg/L) before and after adsorption, respectively. V is the

volume of the solution (L), and W is the mass (g) of the dry
adsorbent.

2.5. Isotherms and kinetic modeling

Isotherm models are commonly used to describe the equi-
librium of adsorption process and behavior of the adsorbate
and adsorbent in the liquid and solid phases. The Langmuir
and Freundlich equations can be expressed as follows [14],
respectively.

— KLqmaxCe
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n

where g, is the equilibrium concentration of the nanoad-
sorbent (mol/g), K, is the Langmuir constant, q__ is the
maximum adsorption capacity of the nanoadsorbent (mol/g),
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C, is the equilibrium concentration of the dye in the solu-
tion (mol/L), K, [(mg g™ (L/g)™] and n is the Freundlich
constant that is related to the adsorption capacity and inten-
sity. On the other hand, kinetics modeling of an adsorption
system provides useful data regarding the adsorption effi-
ciency and the feasibility of operations [15]. Kinetic model-
ing can be performed by using the pseudo-first-order model
(Eq. (4)), which is also known as the Lagergren model [16], the
pseudo-second-order model (Eq. (5)) [17], or the intraparticle
diffusion model (Eq. (6)) [18]:

kt
log(q. —q)=1 __a 4
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where g, is the amount of dye adsorbed by the adsorbent
during time ¢, q, is the amount of dye adsorbed by the adsor-
bent (mg/g) in the equilibrium state, and k, is the constant
for the first-order model (min™). k, represents the slope of
the first-order equation and g, stands for the intercept. In
Eg. (5), k, is the constant for the pseudo-second-order model
(mg/(g min)). The values of k, and g, in the second-order
kinetic model are determined from the slope and intercept
of the plot of t/g, vs. time. The model represented by Eq. (6)
identifies the limiting step as a possible mechanism, where
k, is the intraparticle diffusion constant (mg/(g min®?)), and
C, is the intercept. This model is based on the assumption
that intraparticle diffusion is the rate-limiting parameter in
the adsorption process [18].

3. Results and discussion
3.1. Characterization of silica nanoadsorbent

The morphology of the silica nanoadsorbent, hereafter
abbreviated as nanosilica, was analyzed by high-resolution
SEM as shown in Fig. 1. The SEM images show that the syn-
thesized nanoadsorbent had a uniformly rough and porous
texture, and the thickness of the pore was approximately
500 nm. The average pore width and the total pore volume
were high, which were favorable for dye adsorption [19].
The SEM images also show that the silica retained the origi-
nal tubular structure, which agrees with the result reported
by Qu et al. [11]. SEM analysis and energy-dispersive X-ray
(EDX) spectroscopy were performed on the nanosilica. The
EDX analysis results (Fig. 2) confirmed that the precipitated
silica had high silicon content (70 wt%). They also confirmed
that the silica was of high purity (99%) with free silicon.
Furthermore, the EDX spectrum of the precipitated silica
powder shows that it contained 99.9 wt% Si and 99.9 at% O.
In addition, chemical analysis of the nanosilica confirms the
absence of elements such as C, Cl, and Na, which is evidence
of the formation of pure silica.

Transmission electron microscope (TEM; JEM-1400 TEM,
JEOL, Japan) images were obtained at different parts of the
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Fig. 1. SEM of silicate nanoadsorbents in 2 um (a) and 500 nm (b).

10000 - Si
2000 4
8000 -
7000 )
6000 -
5000 4

County

4000 -+

3000 - |
2000 - |, |
1000 - A 1 g/_

Energy (KeV)

Fig. 2. EDX micrograph of silicate nanoadsorbents.

nanosilica. Fig. 3 shows that the mean particle size was 100 nm
and the particles were almost spherical in shape. The mean
diameter was 47.5 + 9.3 nm (standard error of the mean).

The specific surface area of the nanosilica was 2,000 m?/g.
As a result of chemical activation and changing the structure
of a sodium silicate (Na,SiO,), the bond between dyes and
silica nanoparticles was improved, which could be related
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to residual moisture desorption and the evaporation of the
water molecules bound within nanoparticles [20]. The XRD
spectrum of the nanoadsorbent in Fig. 4 clearly shows peaks
between 10° and 100° that can be assigned to silicate. The
peak at 20 = 31° can be assigned to Si-O. Furthermore, anal-
ysis of the results indicates the functionalization of the silica
nanoadsorbent by the adsorbed dye.

3.2. Effect of pH on the RB-nanosilica and MB-nanosilica
adsorption systems

It is known that the adsorption of dye molecules on an
adsorbent is affected by the solution pH [21]. Fig. 5 shows
the adsorption of RB and MB on the nanoadsorbent at seven
different pH levels. The adsorption of RB initially decreased
as the pH increased and then increased when the pH reached
8. When the pH level was changed from acidic to alkaline, the
removal of RB increased from 95.1% to 95.4% (Fig. 5) because
of the competition between H' ions and the cationic dye at
active sites on the nanoadsorbent [22]. As a result, lower
amounts of RB were adsorbed in an acidic solution. As shown
in Fig. 5, the amount of adsorbed MB greatly increased with

Fig. 3. TEM characterization of silicate nanoadsorbents (50 nm).

increasing pH. As the pH changed from 4 to 9, the removal
of MB increased from 99% to 99.5%, and subsequently
decreased owing to the functional group in the structure of
MB, which could dissociate with increasing solution pH [23].
Similar results were reported by Wang and Li [24] who stated
that the decrease in MB removal occurred in an alkaline solu-
tion. Indeed, at an alkaline pH, some of the MB molecules
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Fig. 5. Effect of pH on dyes removal.
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Fig. 4. XRD pattern of silicate nanoadsorbents.



A. Eslami et al. / Desalination and Water Treatment 108 (2018) 345-352 349

were hydrolyzed on the adsorbent surface via the attached
OH-, and the MB molecules were eventually released from
the nanoadsorbent. Therefore, the hydrolysis rate of mole-
cules in a neutral or acidic solution was not noticeable. More
importantly, MB played an anionic role at higher pH. Since
there was sufficient electrostatic force between the negatively
charged nanoadsorbent and the anionic MB, the dye adsorp-
tion greatly increased with increasing pH.

3.3. Effect of contact time on the RB—nanosilica
and MB-nanosilica adsorption systems

Fig. 6 shows RB and MB adsorption on the silica nanoad-
sorbent at different times. Based on Fig. 6, it was observed
that the adsorption of RB and MB onto adsorbent was rel-
atively fast at initial time intervals, but with increasing the
time, the dye adsorption amount increased slowly and
gradually tended to equilibrium. The adsorption of RB and
MB reached equilibrium after 40 min (Fig. 6). From Fig. 6,
the amount of RB adsorbed at equilibrium was found to be
42.9 mg/g at the initial concentration of 100 mg/L. In the
same conditions, the amount of MB adsorbed was 39.1 mg/g
(Fig. 6). This time profile can be explained by monolayer
adsorption on the adsorbent surface [25]. The porous struc-
ture of the silica nanoadsorbent and the small pores facili-
tated higher dye adsorption, which can be seen in Fig. 1.
Similar results were reported for dye adsorption on different
adsorbents, but the penetration of the adsorbate in the pores
of the same adsorbent was reported to be low because of the
larger sized molecules [26]. After the rapid adsorption, the
adsorption quantity of dyes reached a constant value, which
can be attributed to the electrostatic force between the nega-
tive charge of the nanoadsorbent and the positive charge of
the dyes [27].

3.4. Effect of initial dye concentration on the RB—nanosilica
and MB-nanosilica adsorption systems

The effect of dye concentration on its adsorption by the
nanoadsorbent was investigated by adding different amounts
of MB and RB from 10 to 150 mg/L at contact time of 15 min
(Fig. 7). As shown in Fig. 7, the removal efficiency of RB and
MB decreases with increase in initial concentration. The
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Fig. 6. Effect of contact time on dyes removal.

removal percentages of RB and MB were 98% and 93.2% in
initial concentration of 10 mg/L, respectively. Also, at initial
concentration of 150 mg/L, the removal percentage of RB and
MB declined to 78. 6% and 75%, respectively. Liu et al. [25]
conducted a study on removal of RB by tannic acid function-
alized graphene and showed that by increasing the initial
concentration of dye, the adsorption capacities decreased.
This result was in agreement with the results reported in this
study. Based on Fig. 7, the removal percentage of both dyes
decreases slightly by increase of initial concentration indi-
cating high adsorption capacity of the synthesized nanoad-
sorbent. Indeed, increasing the initial concentration of dyes,
the number of active sites or surface area available decreases
which consequently, decreases dye adsorption.

3.5. Adsorption isotherm model

An isotherm is used to demonstrate the equilibrium
between the adsorbate in the liquid phase with the adsor-
bent, and an adsorption isotherm provides fundamental
information regarding the interactive behavior of pollutants
in the adsorption process [27]. There are several adsorption
isotherm models [28,29]. Based on the literature, the adsorp-
tion of dyes usually follows the Langmuir isotherm [14],
which is based on the assumption that monolayer adsorption
takes place on a homogeneous adsorbent, where all the sites
of adsorption are energetically equivalent. In the Langmuir
model, one adsorbate molecule occupies a specific site and its
likelihood to be adsorbed on the adsorbent surface is related
to the free energy represented by the parameter K, (i.e., the
Langmuir constant) in Eq. (2) [30]. All sites of the adsorbent
have the same tendency to adsorb an adsorbate molecule and
after a complete monolayer of these molecules is adsorbed,
this process reaches the maximum level (Table 1). As dis-
cussed in section 2.5, K| can be calculated from the intercept
of the plot of C/q, vs. C, and the slope of the plot equals
1/g, .. Q, and K can also be calculated from the intercept
and slope of logQ, vs. C, plot. Shajahan et al. [31] reported
that the Langmuir model is the most appropriate isotherm
to describe the behavior of RB on nanoparticles. They con-
cluded that the RB uptake by the nanoparticles through the
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Fig. 7. Effect of initial dyes concentration. Time = 15 min, dosage
of nanoadsorbent =10 g/L.
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Table 1
Isotherm parameters for adsorption of RB and MB

Dye RB MB
Tpnar, (M/B) 92.9 70.9
K, (1/mg) 0.19 0.33
R 0.99 0.98
K, (mg g™) (Lmg™)" 47.05 32.1
1/n 0.14 0.19
R? 0.88 0.84

electrostatic interactions between the dye molecules and the
protonated functional groups in the nanoparticles contributed
to Langmuir adsorption. In addition, the non-electrostatic
interactions between RB and the nanoparticles contributed
to partitioning. Besides, the equilibrium capacities of the
nanoparticles for other dyes (MO, DR13, NBB, and CSB)
followed the random adsorption theory.

Table 1 shows the parameters of Langmuir and Freundlich
isotherms for the adsorption of RB and MB on the nanoadsor-
bent. Based on the regression coefficients, it can be concluded
that significant dye adsorption took place. The maximum
adsorption capacities for RB and MB were 92.9 and 70.9 mg/g,
respectively, with the correlation coefficients (R?) of 0.99 and
0.98, respectively. Regarding the values of the Langmuir con-
stant (K,), MB had a higher affinity to the nanoadsorbent as
compared with RB (Table 1). Similar results were reported
for the removal of RB and MB with AIMCM-41 adsorbent.
Eftekhari et al. [32] also reported reversible adsorption on
AIMCM-41. It is worthwhile considering that the size of
MB is smaller than that of RB. Therefore, as compared with
RB, the molecules of MB were mainly closely packed with
the nanoadsorbent pores during the adsorption process, as
confirmed by the K, values of 0.19 and 0.33 mg™ for RB and
MB, respectively. In addition, the hydrolysis of RB molecules
in aqueous systems can be caused by the renewed release
of RB from the silica nanoadsorbent surface. However, the
release of adsorbed MB from the active sites is supposed to
be slower [24].

3.6. Adsorption kinetics model

As mentioned in section 2.5, kinetics modeling of adsorp-
tion is useful for providing data about the efficiency and
feasibility of adsorption scale-up operations [15]. The kinetic
model of adsorption can be based on constant speed, which
is an important parameter when selecting material for the
adsorption process. Fig. 8 shows the adsorption of MB and
RB on the nanoadsorbent as a function of the contact time
with the aqueous solution using the pseudo-first-order,
pseudo-second-order, and intraparticle diffusion equations.
As shown in the figure, the dye adsorption increased with
increasing contact time. Maximum adsorption of RB and MB
was obtained within almost 40 min. The equilibrium time
was evaluated using different mathematical models.

The literature shows that when the adsorption
conditions are far from equilibrium, the pseudo-first-order
and pseudo-second-order models are widely used for
kinetics modeling. The results of the adsorption kinetics
and the parameters for the adsorption of RB and MB on

In(q.-q;)
A

45 -
e - -
4 3,»"’ *
35 o
~ 3 e *MB
R I
En 2.5
- 2 . [ I =" ERB
S s -
=
|
05
0 .
0 2 4 6 8
t %5(min %)
C: intraparticle diffusion
i
12 e
~ 10 | 7
g o
= N
% 8 L
= -
g o - *RB
= b - =MB
g . /0/ T
e m-
2 -
.
0 .
0 10 20 30 40 50
t (min)

Fig. 8. Kinetic models for MB and RB adsorption onto silicate
nanoadsorbents.

the nanoadsorbent are tabulated in Table 2, and their plots
are shown in Fig. 8. The correlation coefficient (R?) was cal-
culated for the best fit. Table 2 shows that the adsorption
kinetics of RB and MB can be well described by the
pseudo-second-order model, with high R? of 0.99 and 0.98,
respectively. Owing to the nature of MB molecules, makes it
mostly absorbable on the nanoadsorbent surface, its correla-
tion coefficient (0.99) is expected to be higher than that of MB
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Table 2
Adsorption kinetics and the parameters for adsorption of RB
and MB

Pseudo-first-order ~ Pseudo-second-order Intraparticle

diffusion
RB
y=-0.0396x +0.369 y=02561x+1.473  y=0.185x+1.078
R>=0.85 R?=0.97 R?>=0.74
MB
y=-0.0937x+1.78 y=0.1614x+0.3445  y=0.4452x+1.6
R*=0.89 R*>=0.99 R*=0.59

(0.98 comparatively 0.99). This was also due to the diffusion
of RB molecules into the pores in the adsorbent. Therefore,
it is very clear why the pseudo-second-order rate for MB
adsorption on the silica nanoadsorbent was higher than that
for the RB adsorption. As a result, a good relationship was
obtained between the initial concentration of the dyes and
the pseudo-second-order equation, and the values of g, were
consistent with the experimental results.

The value of R? for the intraparticle model was high. This
model also showed a high C, value, which was not a good
sign because it should be close to zero. Besides, for RB and
MB, the values of g, calculated from the pseudo-second-order
kinetic model fitted the experimental results. The kinetic plots
of regression are shown in Fig. 8. The pseudo-second-order
model is usually the best model for the adsorption of cat-
ionic dyes. The same behavior was reported by Tian et al. [2]
for MB adsorption. In addition, it should be noted that the
pseudo-first-order and pseudo-second-order kinetic models
do not identify the diffusion mechanism of the dye into
the nanoadsorbent. The data were thus analyzed by the
intraparticle diffusion kinetic model to determine the dif-
fusion mechanism [33]. As shown in the linear plot and
kinetic parameters in Fig. 8, the model of intraparticle
diffusion yielded a poor linear relationship for the initial
concentration of MB and RB (R* = 0.59 and 0.74, respec-
tively), which was lower than the correlation coefficient of
the pseudo-second-order kinetic model for the adsorption
process on the nanoadsorbent. Meanwhile, Fig. 8 indicates
that even though the adsorption of both dyes involved
intraparticle diffusion, this mechanism was not the only
rate-controlling phase in the process. Therefore, Fig. 8 reveals
that the pseudo-second-order kinetic model is the dominant
one and parts of several models were involved in the rate of
adsorption [34].

4. Conclusion

The silica nanoadsorbent was used for the adsorp-
tion of two dyes, RB and MB. The results indicated that the
prepared nanoadsorbent was significantly capable of dye
absorption, and the adsorption capacity for MB was higher
than that for RB owing to the difference in their molecular
structures. The maximal removal rates for RB and MB were
94.04% and 99.7%, respectively, for a dye concentration of
100 mg/L. For this system, the adsorption results were fairly
well fitted by the Langmuir isotherm. The kinetics of the dye

adsorption on the nanoadsorbent was better described by the
pseudo-second-order model, with R? values of 0.99 and 0.98
for the adsorption of MB and RB, respectively. The adsorption
of RB and MB also increased with increasing pH and subse-
quently decreased. Finally, the properties of the precipitated
SiO, produced by neutralization of the sodium silicate solution
and acid solution matched those obtained in the laboratory.
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