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g r a p h i c a l a b s t r a c t
� Organic dyes are the most common
pollutants in wastewater emanating
from textile, paper, leather, and food
industries.

� We developed mixed oxide nano-
particles of Ti, Al and Si which can
adsorb cationic dyes from water
efficiently.

� The adsorption efficiency of mixed
oxide nanostructures containing Ti
and Si are only inferior to titania
nanotubes.
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Mixed oxide nanoparticles containing Ti, Si, and Al of 8e15 nm size range were synthesized using a
combined sol-gel - hydrothermal method. Effects of composition on the structure, morphology, and
optical properties of the nanoparticles were studied using X-ray diffraction (XRD), scanning electron
microscopy (SEM), transmission electron microscopy (TEM), microRaman spectroscopy, and diffuse
reflectance spectroscopy (DRS). Dye removal abilities of the nanoparticles from aqueous solutions were
tested for different cationic dyes. While all the mixed oxide nanoparticles revealed high and fast
adsorption of cationic dyes, the particles containing Ti and Si turned out to be the best. The adsorption
kinetics and equilibrium adsorption behavior of the adsorbate - adsorbent systems could be well
described by pseudo-second-order kinetics and Langmuir isotherm model, respectively. Estimated
thermodynamic parameters revealed the adsorption process is spontaneous, driven mainly by the
electrostatic force between the cationic dye molecules and negative charge at nanoparticle surface.
Highest dye adsorption capacity (162.96 mg MB/g) of the mixed oxide nanostructures containing Ti and
Si is associated to their high specific surface area, and the presence of surface Si-Od- groups, in addition to
the hydroxyl groups of amorphous titania. Mixed oxide nanoparticles containing 75% Ti and 25% Si seen
to be the most efficient adsorbents for removing cationic dye molecules from wastewater.

© 2016 Elsevier Ltd. All rights reserved.
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1. Introduction

Organic dyes are the most common pollutants in wastewater
emanating from textile, paper, plastic, leather, and food industries
(Messina and Schulz, 2006). These dyes, dissolved in water, are not
only aesthetically displeasing, but also consume dissolved oxygen
and hinder light penetration, affecting aquatic life severely. Besides,
some organic dyes and their degradation products are carcinogenic
and toxic (Crini, 2006; Jain et al., 2007; Salleh et al., 2011; Zhang
et al., 2011). Therefore, it is essential to eliminate these dyes
before the discharge of wastewater.

There exist several methods for the treatment of colored
wastewater, such as sedimentation, filtration, chemical treatment,
oxidation and advanced oxidation processes (AOPs), electro-
chemical and biological treatments, adsorption and ion exchange
(Gupta and Suhas, 2009). Adsorption technology is a reliable
alternative to solve water pollution problem due to its simplicity,
ease of operation, high efficiency, and ability to remove wide range
of adsorbate using a variety of adsorbents (Ai et al., 2011; Do�gan
et al., 2000; Gupta and Suhas, 2009; Li et al., 2013; Zhang et al.,
2011).

While a large number of cationic, anionic and nonionic (Salle
et al., 2011; Rafatullah et al., 2010) organic dyes are in industrial
use, a large variety of synthetic materials such as activated carbon
(Li et al., 2013; Rafatullah et al., 2010), graphene oxide (Zhang et al.,
2011; Li et al., 2013), carbon nanotubes (Li et al., 2013; Zare et al.,
2015; Robati, 2013), and mesoporous materials (such as alumina,
silica or zeolites) (Messina and Schulz, 2006; Gupta and Suhas,
2009; Robati, 2013) have been evaluated as adsorbent. Among
them, activated carbon has seen to be very efficient for cleaning
wastewater. However, it presents some disadvantages like high cost
and loss of adsorption efficiency after regeneration (Salleh et al.,
2011). On the other hand, several non-conventional, low-cost ad-
sorbents derived from natural products such as biosorbents, agri-
cultural by-products, and industrial wastes (Crini, 2006; Rafatullah
et al., 2010) have also been utilized for this purpose.

Among the organic dyes with industrial applications, cationic
dyes are in frequent use in textile industries for coloring acrylic,
wool, nylon, fibers and silk. These water-soluble dyes are also
known as basic dyes as they carry a positive charge in their mole-
cules. Most of the cationic dyes are toxic, causing harmful effects
such as allergic dermatitis, skin irritation and cancer (Salleh et al.,
2011) to human beings. Methylene blue (MB) is a basic dye,
commonly employed for dying cotton, wood, fibers and silk (Deng
et al., 2011), which can cause harmful effects such as vomiting,
enhanced heart beats, diarrhea, shock, cyanosis, jaundice, quadri-
plegia, and tissue necrosis on human beings (Li et al., 2013).
Rhodamine 6G (R-6G) is also a basic dye used to dye wool, cotton,
silk and paper, where fluorescent effects are required. The rhoda-
mine family is well known for causing harmful effects in human
like irritation to the skin, eyes, and respiratory tracks (Rochat et al.,
1978). Drinking water contaminated with rhodamine can lead to
subcutaneous tissue borne sarcoma, which is highly carcinogenic
(Jain et al., 2007). It has also been proven that rhodamine can cause
reproductive and developmental toxicity to human beings (Jain
et al., 2007).

Effectiveness of any adsorption process largely depends on the
physicochemical properties of the used adsorbent
(Küçükosmano�glu et al., 2006). The adsorption kinetics depend on
adsorbate-adsorbent interaction and system conditions or param-
eters such as pH value, temperature, dye concentration, and
adsorbent dose. Therefore, it is essential to evaluate the adsorption
rate and understand the mechanism of adsorption for the design
and fabrication of effective adsorbents and their application for
wastewater treatment. Solute uptake, which determines the
residence time required for completing the adsorption reaction
(Yuh-Shan, 2004) is a very important parameter to be considered
for the design of water treatment facilities. A good adsorbent
should have large specific surface area for enhanced adsorption
capacity and adsorption rate.

Using its good photocatalytic performance, TiO2 has beenwidely
utilized to eliminate or degrade several organic dyes through
radical mediated oxidation processes (Nakata and Fujishima, 2012;
Arbuj et al., 2010; Gnaser et al., 2005; Yogi et al., 2008; Natarajan
et al., 2011; Qin et al., 2009). Taking advantage of the high spe-
cific surface area of nanostructures, recently TiO2 and other metal
oxides have been utilized extensively for dye degradation or ads-
roption purpose (Sarkar and Basak, 2013; Tadjarodi et al., 2013).
Spherical TiO2 nanoparticles of low size dispersion and high surface
area (Pal et al., 2006) have seen to have enhanced solid-solution
interface, high accessible surface area, and high mass transfer rate
for organic pollutant adsorption (Nakata and Fujishima, 2012).
Although TiO2 nanoparticles manifest high photocatalytic perfor-
mance (Nakata and Fujishima, 2012; Ganaser et al., 2005), they
present very low adsorption capacity to some dyes (Zhao et al.,
1998; Dong et al., 2012). On the other hand, mixed metal oxides
containing two or more metals have seen to be effective catalysts
and catalytic supports for a wide variety of organic reactions
(Gawande et al., 2012). Recently they have been applied for several
other promising applications such as in energy storage and con-
version, taking advantage of their complex chemical compositions
and the synergic effects of multiplemetal species, which give rise to
their remarkable electrochemical performance (Yuan et al., 2014). A
few mixed metal oxides have also been utilized for organic dye
capture recently.Wang et al. (2005) prepared ZnO/TiO2/SnO2mixed
metal oxides which are photocatalytically more active than pure
TiO2 and SnO2, but slightly less active than ZnO in the degradation
of methyl orange (Wang et al., 2005). However, used of these mixed
oxides as dye adsorbant has not been verified. As TiO2 presents a
weak adsorption capacity for organic dyes, several attempts have
been made to add a second metal oxide to improve its adsorption
capacity (Dong et al., 2012; Ma et al., 2013; Yao et al., 2013; Sonar
et al., 2013; Acosta-Silva et al., 2013; Guo et al., 2014).

In the present article, we report on the synthesis of mixed oxide
nanoparticles containing titanium, aluminum and/or silicon in
different proportions through a combined sol-gel̶ hydrothermal
method and their cationic dye adsorption behaviors. It has been
shown that the addition of aluminum and/or silicon in titania
nanoparticles improves their cationic dye adsorption capacity
significantly. Along with the structural and optical properties of the
nanoparticles, the effects of aluminum and silicon addition on their
dye adsorption kinetics are presented.
2. Materials and methods

2.1. Chemicals

Titanium (IV) butoxide (TB, Aldrich 97%), aluminum-tri-sec-
butoxide (ASB, Aldrich 97%), and tetraethyl orthosilicate (TEOS,
Fluka 98%) were used as Ti, Al and Si precursor, respectively.
Deionized (DI) water, absolute ethanol (anhydrous, J.T. Baker) and
nitric acid (HNO3, Aldrich 70%) were used as solvents. Ammonium
hydroxide (NH4OH, Fermont 28%) was used to adjust the pH of the
reaction mixture. Methylene blue and rhodamine 6G (Sigma
Aldrich) were used as test cationic dyes (Scheme 1, Supporting
Informations). All the chemicals were of reagent grade, and used
without further purification.
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2.2. Synthesis of TiO2 and mixed oxides containing TieAl, TieSi, and
TieAleSi

The nanoparticles of titania and mixed oxides were synthesized
in two steps. First, a solution (solution A) was prepared by adding
0.015mol of titanium butoxide in themixture of anhydrous ethanol
(12.5 mL) and HNO3 (1.5 mL) under magnetic stirring for 6 h at
room temperature. Another solution (solution B) was prepared by
mixing 20 mL of anhydrous ethanol and 20 mL of DI water. The
solution A was then added to the solution B under magnetic stir-
ring. After about 30 min of magnetic stirring, adequate amount of
ammonia (NH4OH) solution was added to the mixture to adjust its
pH 9.5. In the second step, the mixture prepared earlier (first step)
was transferred to a Teflon-coated autoclave and a hydrothermal
treatment was performed at 180 �C (heating rate of 3 �C/min) for
24 h. After the hydrothermal treatment, the sample was separated
by centrifuging, washed several times with water (at least four
times) and ethanol (at least two times), and dried in air at 80 �C for
8 h.

For the synthesis of the mixed oxides, aluminum and/or silicon
precursors were added in the solution A in different molar ratios,
maintaining total precursor content in the solution 0.015 mol.

2.3. Characterization

The crystalline phase of the nanostructured oxide samples was
analyzed by X-ray diffraction (XRD) using a Bruker AXS D8 Discover
diffractometer with monochromatic CuKa radiation (l ¼ 1.5406 Å)
operating at 40 kV accelerating voltage and 40mA filament current.
The crystalline behavior and vibrational properties of the nano-
structures were studied further by microRaman spectroscopy, us-
ing a HORIBA-JOBIN YVON LabRAM-HR spectrometer and the
632.8 nm emission of a HeeNe laser as excitation source. For the
determination of specific surface area of the samples, their nitrogen
adsorption-desorption isotherms at 77K were recorded in a
Belsorp-Mini II (BEL Japan Inc.) analyzer, after degassing the sam-
ples at 200 �C for 4 h in vacuum. For the elemental analysis and
morphological studies of the samples, a field emission high reso-
lution scanning electronmicroscope (FE-HRSEM, Zeiss Auriga 3916)
attached with a Bruker xflash 5010 series energy dispersed spec-
troscopy detector was utilized.

2.4. Adsorption tests

The experiments of cationic dye adsorption by the oxide nano-
particles were performed in a batch experiment. For this purpose, a
cylindrical jacketed glass mini-reactor of 250 mL capacity with
50 mm of internal diameter and 120 mm of height was utilized.
Typically, 50 mg of the sample was added into 100 mL of dye so-
lution (10 ppm) undermagnetic stirring in dark (inside a black box).
At different intervals of time, about 4 mL of aliquot was taken out of
the mixture and filtered by a reusable syringe (z268410) fitted with
a nitrocellulosemembrane filter of 0.22 mmpore size, to test the dye
concentration in the filtered sample. The concentration of dye in
the aliquot was determined by monitoring the most intense peaks
in its absorption spectra using a Shimadzu UV-VIS-NIR 3100 spec-
trophotometer. Care has been taken to avoid the exposure of light
to the aliquots during their transfer from reactor to the spectrom-
eter chamber.

3. Results and discussion

3.1. Elemental and structure analysis

To verify the presence of Ti, Al and/or Si atoms in the
synthesized samples, EDS elemental analysis was performed on
them. EDS estimated molar ratios of the elements are presented in
Table 1 comparing them with their nominal values (values used in
preparing the reaction solutions). It can be observed that the EDS
estimated molar ratios of the elements in the oxides are very close
to their nominal values, indicating the effective incorporation of Al
and/or Si into TiO2.

The oxide nanostructures were further analyzed by X-ray
photoelectron spectroscopy using a Thermo VG Scientific (En-
gland), Multitab 2000 X-ray photoelectron spectrometer (XPS), to
estimate the surface elemental composition and chemical state of
the elements in them. Although the XPS estimated composition of
the mixed oxides varied significantly from their EDS estimated
compositions, both the core level Si2P and Al2P emissions of the
mixed oxide containing Al, Si and Ti revealed two components
peaks each (sub-bands, see Fig. S1 of Supporting Informations),
none of which corresponds to their elemental state. The appear-
ance of two component bands at higher energy indicates the for-
mation of mixed oxide along with the formation of
nonstoichimetric oxide phases of the elements (Al and Si).

The crystallinity and structural characteristics of the oxide
nanostructures were studied using XRD and microRaman spec-
troscopy techniques. XRD patterns of the as-prepared samples are
presented in Fig. 1. The diffraction pattern of the as prepared TiO2
sample revealed sharp and intense diffraction peaks at 2q ¼ 25.34,
37.92, 48.04, 54.06, 54.92, 62.76, 68.86, 70.32 and 75.22�, which
correspond to the (101), (004), (200), (105), (211), (204), (116),
(220) and (215) lattice planes of TiO2 in anatase phase, respectively
(JCPDS # 84-1285). After incorporating Al and/or Si, the XRD pat-
terns of the oxide sample revealed all the characteristic diffraction
peaks of anatase TiO2. However, the Al-incorporated TiO2 sample
revealed an additional diffraction peak of low intensity at about
28.1�, which probably associated to the (110) lattice planes of rutile
TiO2 (JCPDS # 88-1172) or the (111) planes of Al2TiO5 (JCPDS# 74-
1759). On the other hand, the diffraction pattern of the oxide
sample containing Ti and Si revealed weaker diffraction peaks
associated to anatase TiO2, with higher angle peaks like (116), (220)
and (215) almost disappearing. Finally, the mixed oxide nano-
structures containing both Al and Si revealed well-defined lower
angle diffraction peaks along with broader higher angle diffraction
peaks of anatase. Additionally there appeared two very weak
diffraction peaks at higher angles associated to rutile.

A comparative analysis of the XRD spectra of the samples in-
dicates that incorporation of both Al and Si severely affects the
crystallinity of TiO2. It should be remembered that we kept the sum
of the molar concentrations of Al and Si fixed in all the three mixed
oxide samples. The variation of intensity and broadening of the
diffraction peaks for the mixed oxide nanostructures (Fig. 1) indi-
cate that the crystallinity of TiO2 nanoparticles reduces more
severally by the addition of Si than Al. It must be noted that there
appeared no diffraction peak associated to phase pure alumina or
silica in our mixed oxide samples.

To detect the presence of possible secondary oxide phase
(aluminum oxide or silica) in the mixed oxide nanostructures, their
microRaman spectra were recorded at room temperature in
100e1200 cm�1 spectral range (Fig. 2). All the samples revealed
dispersion bands associated to the Raman active fundamental
modes of anatase TiO2, located at about 142 cm�1 (Eg - lowest
frequency), 194 cm�1 (Eg - low frequency) 395 cm�1 (B1g), 515 cm�1

(A1g) and 638 cm�1 (Eg - high frequency) (Bersani et al., 1998a,b).
The most intense lowest frequency Eg (at 142 cm�1) mode presents
a blue shift on the incorporation of Al or Si. However, the shift is
more prominent when both Al and Si were incorporated into TiO2.
Meanwhile the bands associated to the remaining fundamental
anatase modes maintain their position. The blue shift and



Table 1
EDS estimated molar ratio of the elements in the oxide samples in comparison with their nominal values.

Sample Nominal molar ratio (Ti: Al: Si) EDS estimated molar ratio (Ti: Al: Si)

TiO2 (1: 0: 0) (1: 0: 0)
TieAleO (2: 1: 0) (2: 1.2: 0)
TieSieO (2: 0:1) (2: 0: 1.1)
TieAleSieO (2:0.5:0.5) (2: 0.55: 0.66)

Fig. 1. XRD patterns of as prepared oxide nanostructures.

Fig. 2. Raman spectra of the as-prepared oxide nanoparticles.

Table 2
Specific surface area and XRD estimated average grain size of the as prepared oxide
nanoparticles.

Sample BET surface area (m2/g) Av. Crystallite size (nm)

TiO2 136 18.8
TieAleO 157 17.1
TieSieO 433 11.9
TieAleSieO 241 12.8
SiO2 168 ND
Al2O3 181 ND
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broadening of the lowest frequency Eg (142 cm�1) anatase mode
has been reported to be due the phonon confinement, oxygen de-
ficiencies (formation of nonstoichiometric phases) and pressure
effect on the grains, induced by the surrounding grains or by the
surface tension (Bersani et al., 1998a,b; Andonova et al., 2009). As
has been mentioned earlier, this shift is more notable in the oxide
nanoparticles containing both Al and Si. The formation on non-
stoichiometric phases due to the inclusion of Al and Si atoms could
be the reason for the blue shift and broadening of the lowest fre-
quency Eg mode.

Although the incorporation of Al and/or Si in the mixed oxide
samples could be confirmed from their EDS analysis, neither XRD
nor microRaman analysis indicate the formation of Al2O3 and/or
SiO2 phase. We believe, the incorporated Si in the TiO2 matrix re-
mains in amorphous SiO2 or SiOx state, which does not produce any
signature peak in XRD or Raman spectra. Similar observation has
been made by Sonar et al. (2013) for their SiO2 embedded TiO2
nanoparticles. On the other hand, incorporated Al in TiO2 might
remain at Ti substituted lattice or at the interstitial sites. While the
Ti substituted Al atoms coordinate with neighboring oxygen atoms,
the interstitial Al atoms can also form its oxides in the basic
ambient of the reaction solution. In fact, broadening and blue-shift
of the principal Eg (lowest frequency) Raman band of the Al con-
taining mixed oxide nanostructures indicates that Al remain in
oxide state. As the formation of Al2O3 phase generally occurs on
high temperature calcination (Liu et al., 2010; Soylu et al., 2014), its
formation is improbable in our samples, as they were not annealed
in air or other oxidizing atmosphere at high temperature.

The average crystallite size in the oxide nanostructures was
estimated using the Scherrer equation (Cullity and Stock, 2001) to
their most intense (101) diffraction peak:

D ¼ kl/bcosq , (1)

where D is the average crystallite size, k a shape dependent factor
usually 0.89 for spherical particles, l is the wavelength of the X-ray
(0.15406 nm), and b is the full width at half maximum (FWHM) of
the diffraction peak. From the crystallite size values presented in
Table 2, we can see that on incorporating Al or Si, the average
crystallite size of the TiO2 nanoparticles decreases from 18.8 nm to
11.9 nm. The crystallite size is lowest for the mixed oxide nano-
particles containing Ti and Si. As the SiO2 and Al2O3 nanoparticles
were in amorphous phase revealing no diffraction peak, crystallite
size in them could not be estimated.

Typical SEM micrographs of the as-prepared mixed oxide
nanoparticles are presented in Fig. 3. Formation of nanometer size
particles of spherical shape is clear from the micrographs.
Depending on their composition, the average size of the nano-
particles varied in between 14.6 and 7.2 nm. The average size of the
TiO2 nanoparticles (14.6 nm) decreased on incorporating either Al,
or Si or both. The reduction of particle size (7.2 nm) is more
prominent when Si was incorporated in TiO2. Such a size reduction
of TiO2 nanoparticles on Si or Al incorporation has also been re-
ported earlier (Sonar et al., 2013; Liu et al., 2010).
ND: Not defined (as the samples were amorphous).



Fig. 3. Typical SEM micrographs of the oxide nanostructures containing a) only Ti, b) Ti and Al, c) Ti and Si, and d) Ti, Al, and Si.
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The reduction of crystallinity of the nanostructures on incor-
poration of Al and/or Si is very clear from their TEM images (Fig. 4).
While the low-resolution TEM images of all the samples revealed
the formation of nanometer size structures, their high-resolution
TEM images revealed a clear reduction of crystallinity on the
incorporation of Al, Si or both in the TiO2 matrix.
3.2. Surface area analysis

As the adsorption phenomenon takes places at the surface of
adsorbents, for practical applications, adsorbents of higher surface
area are preferred. The BrunauereEmmetteTeller (BET) specific
surface area of our samples estimated from their N2 adsorption-
desorption isotherms (Fig. S2, Supporting Informations) are pre-
sented in Table 2. While the pure TiO2 revealed the lowest surface
area (136 m2/g) among the samples, its surface area increased
substantially on the addition of Al or Si. The estimated specific
surface area of the Al incorporated and Si incorporated oxide
nanostructures were 157 m2/g and 433 m2/g, respectively. The
highest specific surface area (433 m2/g) of the mixed oxide nano-
particles containing Ti and Si is also reflected in the broadness of its
main XRD peak (at 2q ¼ 25�, Fig. 1) associated to smaller crystallite
sizes. Both the XRD and Raman spectra of the mixed oxide nano-
structures indicate their partial amorphous nature. Such a reduc-
tion of crystallinity and increase of surface area of mixed oxides
containing Ti, Al or Si have also been reported by several re-
searchers (Sonar et al., 2013; Soylu et al., 2014), and associated to
delayed nucleation and growth of anatase TiO2 in presence of Al or
Si.
3.3. Adsorption of methylene blue and rhodamine 6G

The methylene blue (MB) adsorption behaviors of the as-
prepared oxide nanoparticles with phase contact time are shown
in Fig. 5. The qt represents the amount of adsorbed MB per gram of
adsorbent (mg MB/g) calculated using the expression:

qt ¼ [(C0-Ct)V]/M , (2)

where C0 and Ct are the initial dye concentration and the dye
concentration at time t (mg/L) in the reactionmixture, respectively;
V is the volume of the dye solution, and M is the mass of the
adsorbent in the reaction mixture in g.

It can be observed that the nanostructured TiO2, Al2O3 and the
mixed oxide containing Ti and Al do not adsorb MB until 60 min of
their exposure. On the other hand, SiO2 nanoparticles adsorb a
maximum of 3.7 mg of MB/g. It has been reported that the
adsorption of MB over SiO2 is due the electrostatic attraction be-
tween the surface Si-Od- groups and the positively charged moiety
of MB (Dong et al., 2012). While the partial electrical charge of the
surface oxygen of metal oxides can also attract positively charged
moieties of MB, the partial electrical charge of the surface oxygen of
Al2O3 (�0.44) and TiO2 (�0.28) are much inferior to the Si-Od-

groups (�1.6) (Arai,1996) Therefore, the adsorption of cationic dyes
such as MB and R-6G at the surface of our fabricated mixed oxide
nanoparticles is mainly controlled by Si-Od- surface groups. For the
nanostructured mixed oxides containing Ti, Al & Si and Ti & Si,
within 15 min of exposure, their adsorption capacity reaches 19 mg
of MB/g, which is almost the total amount of MB present in solu-
tion, without any variation for the next 60 min, indicating the



Fig. 4. Typical low- and high-resolution TEM micrographs of the oxide samples containing a, b) Ti, c, d) Ti and Al, e, f) Ti and Si, and g, h) Ti, Al and Si.
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Fig. 5. MB adsorption capacity curves of pure TiO2, Al-containing, and Si-containing
mixed oxide nanoparticles as a function of time.

Fig. 6. Effect of adsorbent dosage on the MB adsorption capacity of mixed oxide
containing Ti, Al, and Si.
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enhancement of adsorption capacity of TiO2 on incorporation of Al
and Si. It has been reported that the pollutant adsorption capacity
of titania is influenced by its crystal structure (Ting et al., 2014; Xie
and Gao, 2009). Presence of fractional amorphous phase in titania
affects the concentration of surface hydroxyl groups available for
dye adsorption, and hence its pollutant adsorption capacity. In fact,
the results published in literature indicate that a mixed
amorphous-anatase phase titania has better adsorption capacity of
MB, mainly through electrostatic attraction, in comparisonwith the
pure anatase phase (Ting et al., 2014).

A fast and quantitative measurement of basic sites (Corro et al.,
2014) at the surface of the nanostructured oxides revealed they
decrease in the following order: TieSieO
(6.89 � 1012g�1) z TieAleSieO (3.21 � 1011g�1) > SiO2
(2.36 � 1010g�1) >> TiO2(9.46 � 109 g�1)z TieAleOz Al2O3. This
order is in agreement with the results we obtained on the
adsorption capacity of our oxide nanostructures (Fig. 5); supporting
the idea that MB adsorption is due electrostatic interaction be-
tween the surface charge and cationic MB molecules.

A series of experiments were performed varying adsorbent
amount (50, 30, 15 and 10 mg) to compare the MB adsorption ca-
pacity of the mixed oxide nanoparticles. The adsorption capacity
curves for the nanostructured mixed oxide containing Ti, Al and Si
are shown in Fig. 6. It can be observed that on reducing the amount
of adsorbent in the reaction mixture, the adsorption capacity at
60 min increases. The higher estimated adsorption capacity of the
sample while using a lower amount of adsorbent is understandable
as the adsorbent in high quantity (e.g. 50 and 30mg) in the reaction
solution adsorbs almost all the MB molecules within a very short
time. Meanwhile, a smaller amount of adsorbent (e.g. 10 mg) in the
reaction mixture captures MB molecules in slower rate, reaching
maximum adsorption capacity in longer time. In fact, while using
only 10 mg of the adsorbent (mixed oxide containing Ti, Al, and Si),
the adsorption capacity reaches to its maximum after 60 min, with
a value of 65.78 mg MB/g.

The same series of experiments were repeated for the nano-
structured mixed oxide containing Ti and Si (Fig. 7a). As we can see,
for all the adsorbent doses from 50 to 10 mg, a complete adsorption
of MB reached within 30 min. The maximum adsorption capacity
(162.96 mg MB/g) could be detected for 5 mg adsorbent dose, for
which a complete adsorption of MB reaches in 24 h. It is very
important to note that the maximum adsorption capacity of the
oxide nanoparticles containing Ti, and Si (162.96 mg MB/g) is
almost 2.5 times higher than the adsorption capacity of mixed
oxide nanoparticles containing Ti, Al, and Si.

In the mixed oxide nanostructured containing Ti, Al and Si, the
active sites for MB adsorption are the surface Si-Od- groups and
hydroxyl groups of TiO2 in amorphous phase. While Al in its
elemental or oxide (Al2O3) form does not present any surface
adsorption site for MB molecules (Fig. 5), its presence may block
some of the adsorption sites of TiO2. On the other hand, in the
mixed oxide nanostructures containing Ti and Si, as there is no Al to
block adsorption sites, the number of adsorption sites, especially
the surface Si-Od- groups is higher (Table 1). The presence of more
Si in the nanoparticles also increases the amorphous phase of TiO2
(preventing the growth of anatase phase), resulting more adsorp-
tion sites available for MB. It has been reported that in mixed ox-
ides, a different chemical environment of the constituting cations
give rise to different reactivity towards an approaching molecule
(Gawande et al., 2012). We believe, all these effects are responsible
for the enhanced adsorption capacity of our mixed oxide nano-
particles containing Ti and Si.

All the samples were tested further for rhodamine 6G dye
adsorption, repeating earlier experiments. As all the nanostructures
revealed R-6G adsorption behaviors similar to MB, only the result of
mixed oxide nanoparticles containing Ti and Si are presented
(Fig. 7b). As can be seen, R-6G adsorption capacity is maximum
(142.9 mg R-6G/g) for 5 mg adsorbent dose. Although this value is
slightly lower than the maximum MB adsorption capacity
(162.96 mg MB/g), the sample is still very good for R-6G capture
fromwastewater. The difference between the maximumMB and R-
6G adsorption capacities of the mixed oxide nanoparticles could be
due to the difference between the sizes of the dyemolecules. As can
be seen in Scheme 1, R-6G molecules are substantially bigger than
MBmolecules. The projected area of these molecules reported to be
1.34 nm2 and 1.5 nm2 for MB (Ardizzone et al., 1993), and R-6G
(Kievsky et al., 2008), respectively.

3.4. Adsorption kinetics

The Lagergren's kinetic equations are the most commune
models use to describe the adsorption in liquid-solid systems,
where the adsorption clearly depends on the solid capacity (Yuh-
Shan, 2004). Lagergren's pseudo-first order rate equation for a
liquid-solid adsorption system is generally expressed as (Lagergren,
1898):



Fig. 7. Effect of adsorbent dosage on the (a) MB adsorption and (b) R-6G adsorption capacity of mixed oxide containing Ti and Si.
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dqt
dt

¼ k1ðqe � qtÞ (3)

where k1 is the rate constant of pseudo-first order adsorption
(min�1) and qe and qt are the amount of dye adsorbed on adsorbent
at equilibrium and at time t (mg g�1); also known as adsorption
capacity. Integrating Eq. (3) with boundary conditions qt¼ 0 at t¼ 0
and qt ¼ qt at t ¼ t, we get:

logðqe � qtÞ ¼ log qe � k1
2:303

t (4)

The experimental adsorption data for MB over different
amounts of nanostructured oxides containing Ti, Al and Si, and Ti
and Si, were fitted using the Lagergren's pseudo-first order rate
equation in the linear form by plotting log (qe e qt) versus t. The
slope and intercept of the linear fits (Figs. 8a and 9a) were used to
determine de rate constant of pseudo-first order adsorption (k1)
and the amount of MB adsorbed per gram of adsorbent at equi-
librium (qe(cal)). The values of these constants along with their
correlation coefficients (R2) are presented in Table S1 and Table S2
(Supporting Informations) for the mixed oxides containing Ti, Al, Si,
and Ti, Si, respectively. As can be noticed, the values of qe(exp) and
Fig. 8. (a) Lagergren's pseudo-first order and (b) Ho's pseudo-second order plots of MB adsor
15 mg and ; 10 mg.
qe(cal) estimated using the pseudo-first order equation differ
significantly. In addition, the correlation coefficient values of the
fits for all the adsorbent doses are not very close to one, which
indicates that the pseudo-first order model does not fit with our
experimental data.

The pseudo-second order kinetic model proposed by Ho and
McKay (1998) is based on adsorption equilibrium capacity and
the rate equation is expressed as:

dqt
dt

¼ k2ðqe � qtÞ2 (5)

where k2 is the rate constant of pseudo-second order adsorption (g
of adsorbent/mg of adsorbate/min) and qe and qt are the amounts of
dye adsorbed on adsorbent at equilibrium, and at time t (mg g�1).
Integrating Eq. (5) with boundary conditions t¼ 0 to t¼ t and qt¼ 0
to qt ¼ qt, we get:

1
ðqe � qtÞ ¼

1
qe

þ k2t (6)

Eq. (6) can be rearranged to obtain in linear form:
ption, for the mixed oxide nanoparticles containing Ti, Al and Si.- 50 mg,A 30 mg,:



Fig. 9. (a) Lagergren's pseudo-first order and (b) Ho's pseudo-second order plots for MB adsorption by the mixed oxide containing Ti and Si. - 50 mg, A 30 mg, : 15 mg,;
10 mg, and ◄ 5 mg.
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1
qt

¼ 1
kqe

þ 1
qe

t (7)

The pseudo-second order adsorption constant (k2) and the
amount of MB adsorbed at equilibrium (qe) could be estimated for
the samples by fitting the Ho's pseudo-second order rate Eq. (5)
plotting t/qt versus t (Figs. 8b and 9b). The values are presented in
Tables S1 and S2 (Supporting Informations) for the mixed oxides
containing Ti, Al, Si and Ti and Si, respectively. As can be seen, the
values of the correlation coefficient in these cases are very high
(R2 z 1), which indicates that the pseudo-second order model is
more appropriate for describing the adsorption behaviors of all the
oxide nanoparticles prepared in present work. It can also be
observed that the values of qe(exp) and qe(th) obtained by the pseudo-
second order model are very close.

The same methodology was used to treat the adsorption data of
R-6G on the mixed oxide nanostructures containing Ti and Si.
(Fig. 10 and Table S3 of Supporting Informations). In this case also,
the experimental data fit better with Ho's pseudo-second model
than the Lagergren's pseudo-first order model. This confirms that
the adsorption of cationic dyes on the nanostructured mixed-oxide
containing Ti, Al and/or Si follows Ho's pseudo-second ordermodel.

Using the kinetic constant values obtained through Ho's
pseudo-second order model, it was also possible to obtain the
initial adsorption rate (mg g�1 min�1), and the initial sorption rate
Fig. 10. (a) Lagergren's pseudo-first order and (b) Ho's pseudo-second order plots for rhodam
; 10 mg, and ◄ 5 mg.
(h ¼ k2q2e ). The values of h, presented in Figs. S1,S2,S3 of supporting
information indicate that the cationic dyes are adsorbed more
quickly when 50mg of nanostructuredmixed oxides were added to
the dye solution; and the “speed” of adsorption decreases when the
amount of adsorbent decreases. This effect can be seen in the
adsorption curves, where the adsorption capacity reaches its
maximum (equilibrium) more quickly (higher h values) for a higher
dose of adsorbent, meanwhile it takes longer time to reach equi-
librium for lower dose (smaller h values).

In Table 3, the maximum adsorption capacity of the mixed oxide
nanostructures containing Ti, Al and Si, and Ti and Si are presented
in comparisonwith the adsorption capacity values of similar mixed
oxides reported in the literature. It is clear that our nanostructured
mixed oxides present a competitive adsorption capacity. The
adsorption capacity of the mixed oxide nanoparticles containing Ti
and Si are only inferior to the adsorption capacity of titania nano-
tubes, when they are compared for MB adsorption.

To verify that the dye adsorption in our oxide nanoparticles is
principally due to electrostatic interaction between their surface
sites and ionic dyemolecules, we tested the adsorption behaviors of
all the nanostructures for an anionic test dye methyl orange (MO).
Performing the tests in similar experimental conditions as or MB
and R-6G, we found that the nanostructures do not adsorb MO.

Although the dye adsorption over metal oxide nano- or micro-
structures can also take place through capillary action in porous
ine 6G adsorption by mixed oxide containing Ti, and Si:- 50 mg,A 30 mg,: 15 mg,



Table 3
Comparison of MB adsorption capacity of our nanostructured mixed oxide with the adsorption capacity of other mixed oxides reported in the literature.

Material Adsorption capacity [mg MB/g] Conditions Ref.

Titania nanotubes 290 At 30 �C Hsieh et al., 2008
TX (EM science TiO2 powder) 0.004 At 25 �C Fetterolf et al., 2003
TiO2 Degussa P25 0.0006 At 25 �C, pH ¼ 6.5 Ting et al., 2014
Powder from titania layer (chemical oxidation) 0.011 At 25 �C, pH ¼ 6.5
80TiO2e20SiO2 0.0158 At 25 �C Dong et al., 2012
TiO2eSiO2 composites from corn tissues 11.25e19.5 At 25 �C Ma et al., 2013
TiO2 e 18.6 SiO2 22.06 At 25 �C Yao et al., 2013
60 TiO2 e 40 SiO2 40 At 25 �C Sonar et al., 2013
35 TiO2 e DMS-1 66 At 25 �C Acosta-Silva et al., 2013
31 TiO2 e SiO2 53 At 25 �C Acosta-Silva et al., 2011
TiO2/MSM 16 At 20 �C Wei et al., 2011
TiO2 e SiO2 hollow nanospheres 73.6 At 25 �C, pH ¼ 9 Guo et al., 2014
Mixed oxide of Ti, Al, and Si 65.78 At 25 �C This work
Mixed oxide of Ti and Si 162.96 At 25 �C This work
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samples or at surface defect sites as has been seen in the case of
titania nanotubes (Hsieh et al., 2008), we believe the effects can be
summed up if we consider the concentration of Lewis sites (acid/
basic) at the surface of the adsorbent. As has been presented earlier,
the cationic dye adsorption capacity of the oxide nanostructures
prepared in this work vary with the variation of the concentration
of basic sites at their surfaces. Therefore, we believe, the contri-
bution of electrostatic force between the adsorbent and adsorbate
determines their dye adsorption capacity. In fact, the highest
cationic dye adsorption capacity of our nanostructuredmixed oxide
containing Ti and Si is associated to the highest concentration of
basic sites at their surface. Finally, the effects of solution pH and
solution temperature (Figs. S3& S4 of the Supporting Informations)
on the MB adsorption capacity of the mixed oxide nanoparticles
have been studied. As expected, the adsorption capacity of the
sample increased gradually with the increase of solution pH and
solution temperature. However, at lower pH values, the MB
adsorption capacity of the sample decreases (Fig. S4, Supporting
Informations). The decrease of adsorption capacity in acidic pH is
due to the reduction of surface charge (negative) of the adsorbent.
By monitoring the zeta potential at different pH values, the zero
point of charge (zpc) for the mixed oxide was determined to be 3.2.
Which indicates the mixed oxide can work as efficient adsorbent
for MB and R-6G at any pH vale of the reaction mixture above 3.2.

The dye-adsorbed nanostructured adsorbents could be regen-
erated by treating them in a mixture of water and hydrogen
peroxide (H2O2) in 1:2 (v/v) ratio at 50 �C for 30min. The treatment
turned the colored adsorbent nanostructures white. The nano-
structures were then separated by centrifugation and dried in air at
room temperature. The dye adsorption capacity of the regenerated
nanostructures was tested for MB. The whole process was repeated
for several times. As can be seen from Fig. S6 (Supporting
Informations), the nanostructures retain more than 80% of their
dye adsorption capacity on regeneration using the above
mentioned process.
4. Conclusions

The sol-gel method followed by hydrothermal treatment
implemented in this work produces well-dispersed nanoparticles
of mixed oxides containing Ti and Al (17.15 nm average size), Ti and
Si (11.89 nm average size) and Ti, Al and Si (12.78 nm average size)
with high surface areas. All the as-prepared nanostructures pre-
serve the predominant anatase phase of TiO2. The nanostructured
oxides containing Ti and Si (241 m2/g) and Ti, Al and Si (433 m2/g)
with higher surface areas, have very high adsorption capacity for
methylene blue, and both the systems follow Ho's pseudo-second
order model. The highest dye adsorption capacity
(162.92 mg MB/g) of the mixed oxide nanostructures containing Ti
and Si is associated to their mixed amorphous-anatase phase with
increased surface hydroxyl content, and the presence of surface Si-
Od- groups. Presence of high negative surface charge in the mixed
oxide nanostructures enhances their adsorption capacity for
cationic dyes. The mixed oxide nanostructures containing Ti and Si
provide a viable alternative of titania nanotubes as reusable
cationic dye adsorbents.
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