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1. Introduction

Synthetic dyes are widely used in different industries such as textile, leather, cosmetics, plastics,
and food, annually [1]. Colored effluents of these industries not only have a negative effect on the
aquatic system because of the blocking sunlight for photosynthesis process but also can be identified
as the toxic and carcinogenic materials [2]. Azo dyes are the most common group of dyes used in
textile industries because of their low cost, stability and variety of colors [3]. They are biologically non-
degradable because of their aromatic structure, thereby, removal of these dyes are very important in
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view point of the ecosystem and restriction on the water availability. There are various methods to
remove dyes such as coagulation/flocculation, biological treatment, chemical oxidation, photocata-
lysis, membrane filtration, liquid-liquid extraction and adsorption [4-13]. Among these methods,
adsorption has a good reliability for the industries due to easy operation, cost-effectiveness, high
efficiency and water reuse. Different kinds of adsorbent are used for the removal of synthetic dyes
such as activated carbons, zeolite, fly ash, graphene oxide and nanooporous silica [14-20].
Nanoporous silicas have attracted increasing attention because of high surface area and pore volume,
adjustable pore diameter, their simple synthesis, high thermal and hydrothermal stability. Among
different kinds of nanoporous silica, the family of MSU-X has a wormhole-like pore structure which
facilitates the diffusion of reacting species to the reactive site. Despite this characteristic of MSU-X,
there are a few studies that MSU-X materials are used as the adsorbent. Nanoporous silica and
functionalized nanoporous silica have been used for dyes removal [9,21-23]. Research on the dye
adsorption is limited to a few kinds of dyes such as methylene blue, phenosafranine and night blue
[9,14,15,18,19,24-30] but there are a few reports about the adsorption of basic blue 41 [31-33].

In this study, NPS was prepared using NP-10 as a SDA and ETS-40 as a silica source in acidic media.
The surfactants were removed from the framework by ethanol extraction and followed heating at
350 °C. The synthesized NPS used for the adsorption of basic blue 41, water-soluble cationic dye, as it
is widely used in the textile industry. The adsorption behavior was evaluated by kinetic and isotherm
studies.

2. Experimental
2.1. Materials

The chemicals used for the synthesis: ethyl silicate solution (ETS-40, Wacker, SiO, 40%), nitric acid
(Merck, 65%), nonyl phenol ethoxylated decylether (Hulls, NP-10, Mw=660 g/mol), basic blue 41
(Ciba, M,,=452.58 g/mol, hereafter designated as BB 41), Ethanol and dionized water. Fig. 1 shows the
chemical structure of BB 41.

2.2. Synthesis of nanoporous silica (NPS)

NPS was prepared as reported previously, using NP-10 as a SDA and ETS-40 as a silica source under
acidic conditions [34]. Briefly, surfactant was dissolved in an acidic solution under stirring at 30 °C.
Then, 196 g of ETS-40 was added to this solution and it was kept at 80 °C under stirring at 400 rpm
during 5 h. the final composition is 1 SiO,, 0.06 NP-10, 3.9 HNO3 and 110 H,O0. The solid product was
filtered, washed with deionized water and dried. Finally, the white solid was recovered after ethanol
extraction with a Soxhlet apparatus and a further heating at 350 °C in air.

2.3. Batch adsorption experiment

Dye adsorption experiments onto NPS were performed by mixing 20 ml of BB 41 solution of
desired initial concentration with 0.01 g of NPS at 30 °C. The pH of the solution was adjusted to 7 using
dilute NaOH solution. Isotherm experiments were carried out at initial dye concentration from 48 to
360 mg/L. BB 41 adsorption kinetics over NPS were evaluated at different concentrations (20-60 mg/L)
at predetermined time intervals between 5 and 180 min. The solid and liquid phases were separated
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Fig. 1. Chemical structure of BB 41.
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after equilibrium and the adsorbed amount of dye was calculated by Beer's low based on the absorption
peak at 609 nm for BB 41.
The equilibrium adsorption capacity was determined according to the mass balance equation:

_ (GC-Co)V

m (1

e
where Cy is the initial dye concentration in the liquid phase (mg/L), C, is the equilibrium concentration
of dye (mg/L), V is the volume of dye solution used (L) and m is the mass of the adsorbent used (g).

2.4. Characterization

Scanning electron microscopy (SEM) observation was performed by Oxford LEO 1445 V. Nitrogen
adsorption-desorption isotherm was measured at 70 K using a BELSORP-minill. Prior to measure-
ment, the nanoporous silica degassed at 573 K for 3 h. The Barrett—-Emmett-Teller (BET) method was
utilized to calculate the specific surface areas from the linear part of the BET plot over the relative
pressure (p/po) range of 0.05-0.35; the pore size distribution was analyzed with the supplied BJH
software package from the adsorption branches of the isotherm. The pore volume was taken at the p/
Po=0.990 point. The small-angle X-ray scattering (SAXS) pattern was collected in a range angle from
0 to 10°on a Hecus S3-MICRO,,x using Cu Ka radiation. FT-IR spectra were obtained on Equinox 55
BRUKER model infrared spectrophotometer. Dye concentration change was recorded by a UV-vis
spectrophotometer model Raylight UV-1600.

3. Results and discussion
3.1. Characterization of the NPS

Fig. 2a shows the SAXS pattern of the NPS obtained after the removal of surfactant. This pattern is
very similar to MSU compound possessing nonordered wormlike pore structures with no long range
order symmetry. They have one broad peak at about 26=2° corresponding to d,oo reflections, assigned
to the pore center-to-pore center correlation reflection.

The N, adsorption-desorption data presented in Fig. 2b is characteristic type IV isotherm and no
apparent hysteresis loop is observed. The adsorption achieves saturation at a relative pressure about
0.3 which indicates the presence of mesopore channels (Fig. 2b). The textural properties of NPS are
summarized in Fig. 2b (inset).

The morphology of NPS particles was examined by SEM observation. Fig. 3 reveals the
agglomerated particles of several micrometers with rough surface.
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Fig. 2. (a) SAXS pattern of NPS after the removal of surfactant and (b) N2 adsorption-desorption isotherm of NPS.
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Fig. 3. SEM image of NPS.

:’
-
8
2
g
H
g
E

3600 3100 2600 2100 1600 1100 600
Wavenumber (cm!)

Fig. 4. FT-IR spectrum of NPS after the removal of surfactant.

The FT-IR spectrum of NPS is shown in Fig. 4. It can be found that the surfactant was removed
completely. The broad band at 3400 cm ! is attributed to O-H bond stretching vibration of adsorbed
water molecules. This broad band exhibits the large amounts adsorption of water due to high contents
of surface hydroxyl groups. NPS can be used as the adsorbent of water-soluble cationic azo dyes
because of the high adsorption capacity for water. The strong peak at 1630 cm~! is due to the bending
vibrations of the corresponding stretching vibration mode. The peaks at 816 and 1100 cm~! are
assigned to the stretching vibration of Si—-O-Si bonds of condensed silica network.

3.2. Dye adsorption

3.2.1. Adsorption equilibrium and kinetic analysis

The equilibrium study of the adsorption of BB41 onto NPS was performed with a different initial
dye concentrations solution (20-60 mg/L). It is clearly observed from Fig. 5 that the steady state is
reached within 60 min which denotes fast adsorption kinetics of the dye onto NPS.

The pseudo-first-order and pseudo-second-order models were applied to understand the detailed
characteristics of the kinetic process.
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Fig. 5. Equilibrium studies of BB 41 adsorption onto NPS at different initial dye concentrations.
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Fig. 6. (a) Pseudo-first-order and (b) pseudo-second-order kinetics for the adsorption of BB 41 onto NPS.
The pseudo-first-order model is expressed as a linear form equation:
kit
1 —q)=1 — = 2
0g(q. —q;) 0g qe 2303 (2)

where k; is the pseudo-first-order rate constant, q. and q, are the adsorption capacity of BB 41 onto
the adsorbent at steady state and time t, respectively.
The linear form of pseudo-second-order kinetic model is expressed as follows:

t 1 t
r_ b 3
4 kG qe ©)

where k; is the pseudo-second-order adsorption rate constant. The plots of log(q, —q;) versus time t
based on pseudo-first-order kinetics and t/q, versus t based on pseudo-second-order kinetics are
compared in Fig. 6 (a and b), respectively. The fitting parameters of two kinetics model are listed in
Table 1.

This finding suggests that the adsorption kinetics followed the peseudo-second-order model since
this model gives greater correlation coefficient (R?> > 0.99) than that of the first order. These results
suggest that the adsorption process was controlled by chemisorption. The negative charged surface of
NPS adsorbs the cationic dye molecules by the electrostatic attraction. The adsorption efficiencies
were found to be more than 94% at the initial concentration of (20-60) mg/L.
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Table 1
Kinetic parameters of the adsorption of BB 41 onto NPS obtained using pseudo-first-order and pseudo-second-order.

Co Ge, exp Pseudo-first-order Pseudo-second-order
mg/g mg/g
k] e, cal Rz k2 e, cal Rz
min™! mg/g g/(mg. min) mg/g
20 38.12 0.112 37.61 0.9850 72x1073 39.37 0.9995
40 77.01 0.046 44.32 0.9764 21x10°3 79.37 0.9998
60 113.264 0.045 61.29 0.9716 1.57x1073 117.65 0.9997

Considering that the pseudo-first-order and pseudo-second-order model could not identify the
diffusion mechanism, the intraparticle diffusion model was taken into account. This model is
expressed by

Q,=kit'?+cC 4)

where k; is the intraparticle diffusion constant and C is the intercept related to the diffusion boundary
layer thickness. This model is based on film diffusion, intraparticles diffusion and final equilibrium
stage. In some cases, the third region is absent [35].

The plot g, versus t/? is similar to Fig. 5. Two linear regions were observed. This reflects that more
than one process affects the adsorption of dye onto the adsorbent. As the fitted lines do not pass
through the origin, the intraparticle diffusion is not the only rate limmiting mechanism.

The correlation coefficint and fitting parameters of this method are calculated and listed in Table 2.

The sharper region can be attributed to the rapid external diffusion and surface adsorption, and the
second region is corresonding to the intraparticle diffusion [20,35-36].

3.2.2. Adsorption isotherm

To optimize the design of the sorption system, the informations on the capacity of the adsorbent,
distribution of the dye molecules between the solid and liquid phases at the steady state and the
nature of the dye and surface interactions are essential. The adsorption isotherm provides these
qualitative informations. The adsorption isotherm of BB 41 onto NPS is presented in Fig. 7. Sharp
increase of g, at lower equlibrium solution concentration and then reaching a plateau shape at higher
equilibrium solution concentration where the adsorption reached to the saturation form,
demonstrates a high affinity between the dye molecules and hydroxyl groups on the adsorbent. In
this study, Langmuir and Freundlich isotherms were used to describe the experimental data. The main
assumption of Langmuir isotherm theory is the monolyer adsorption of adsorbate over the specific
homogeneous sites within the adsorbent. The linearized Langmuir isotherm is expressed as follows:

Ce_ 1 G
de  bam  dnm

where C, (mg/L) and g. (mg/g) are the equilibrium adsorbate concentration in aqueous and solid
phases, respectively and g, is the maximum monolayer adsorption capacity. The values of ¢, and b
are determined from the linear plot of C./q, versus C, (Fig. 8).

A constant separation factor R; is given by:

1
- 1+bCy ©

where b is the Langmuir coefficient and Cy is the initial dye concentration. R; indicates the favorability
of the adsorption process. The adsorption process is a favorable (0 <R, < 1), unfavorable (R, > 1),
linear (R;=1) and irreversible (R,=0). The value of R; is consistent with the favorability of the
adsorption process.

(6

Ry
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Table 2
Kinetic parameters of BB 41 adsorption onto NPS obtained using intraparticle diffusion model.
CO ki, 1 C1 R2 ki, 2 CZ R2
mg/L mg/(g min'/?) mg/g mg/(g min'/?) mg/g
20 4.5954 12.007 0.8929 0.2067 35.634 0.5313
40 12.042 16.208 0.9800 0.5261 69.63 0.9042
60 12.076 34.343 0.9899 0.8175 102.79 0.9031
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Fig. 7. Adsorption isotherm of BB 41 onto NPS.
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Fig. 8. Adsorption isotherm of BB 41 onto NPS using Langmuir model.

The Freundlich isotherm is assuming that the adsorption process is multilayer on the
heterogeneous surface. This isotherm can be expressed as follows:

log g, = log Ky +(1/m)log C,

)

where ¢, and C, are the adsorbate equilibrium concentrations in the solid and liquid phases, Krand n
denote Freundlich's uptake factor and intensity factor, respectively. The isotherm is favorable when
n > 1, linear when n=1 and unfavorable when n < 1.

The isotherm parameters are represented in Table 3. By contrasting R? values, it is found that the
Langmuir model fitted better with experimental data than Freundlich model.



56 M. Zarezadeh-Mehrizi, A. Badiei / Water Resources and Industry 5 (2014) 49-57

Table 3
Langmuir and Freunlich isotherms parameters for the adsorption of BB 41 onto NPS.

Langmuir model Ky Freundlich model

m (mg/g) b (L/mg) R? R n R

345 0.04 0.9995 0.3-0.06 43 26 0.9533
Table 4

Comparison of the adsorption capacity of BB 41 onto various adsorbents.

Adsorbents qm (mg/g) References
Sodium alginate 12 [32]
Untreated antibiotic waste 1 [33]
N, F-codoped flower-like TiO, 143 [31]
Montmorillonite 713 [36]
NPS 345 This work

The surface of silica has the negative charge at pH=7 due to silanolate groups and there are some
hydroxyl group on the silica surface. The interaction of cationic dye molecules may be occurred via
electrostatic interaction and hydrogen bonding.

In comparison with the adsorption capacities of other adsorbents (Table 4), the adsorption capacity
of NPS was found to be better than the most other adsorbents reported in the literature [31-33,37].
The higher capacity of montmorillonite is due to the adsorption and H-aggregates of the dye on
the clays.

4. Conclusion

In summery, NPS with an average pore diameter of 2.4 nm and a surface area of 1030 m?/g was
synthesized by using NP-10 and ETS-40 under acidic condition. The adsorption of BB 41 from aqueous
solution with NPS was investigated by looking into equilibrium and kinetics aspects. The adsorption
kinetic studies revealed that the adsorption process followed the peseudo-second-order model. The
adsorption pattern of BB 41 onto NPS was well fitted with Langmuir isotherm model. The monolayer
adsorption capacity of BB 41 onto NPS was found to be 345 mg/g which is better than most of the
other adsorbents. This study indicated that NPS could be used as a potential adsorbent for the removal
of cationic dye in wastewaters.
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