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ABSTRACT

Solid acid substance of MCM-41 prepared by sol-gel method followed by incorporation of TiO, within
the mesochannels through a simple and effective impregnation method. TiO, loaded on MCM-41 were synthesized
at room temperature using tetraethoxysillane (TEQS), Cetyltrimethylammonium bromide (CTAB) as template and
titanium (IV) isopropoxide (TIP) as titanium source. The resultant mesoporous TiOx/MCM-41 samples were
calcined at 550 °C. The resultant samples were characterized using X-ray diffraction patterns (XRD), BET
measurements, FT-IR and high-resolution transmission electron microscopy (TEM). Nitrogen adsorption-
desorption measurements were used to measure surface area and average pores diameter at -196°C. The
TiO/MCM-41 with higher Ti/Si ratio shows low structural integrity and the formation of Ti-oxide species leading
to a considerable decrease in surface area. The activities of TiO2/MCM-41 for adsorption of methylene blue (MB)
studied in details. Adsorption increase with the modification of MCM-41 by TiO; up to 25% of TiO, then
decreased. The samples of 25% TiO, loaded on MCM-41 show higher catalytic activity.
Keywords: TiO, loaded MCM-41; sol-gel; TEOS; water treatment; Methylene Blue.

1. Introduction

In recent years, environmental considerations have raised strong interest in the development of
economically feasible materials and processes to eliminate the use of harmful substances and the generation of
toxic waste materials. In this respect, heterogeneous catalysis can play a key role in the development of
environmentally benign processes. For examples, many industries use dyes to color their products and also consume
large volumes of water. The presence of tiny amounts of dyes in water is highly visible and undesirable (Alshorifi
et al., 2021). The removal of dyes from wastewaters is of a great concern nowadays, because many dyes and their
degradation products are toxic and carcinogenic, posing a serious risk to aquatic organisms (Crini, 2006).
Methylene blue (MB) is the most commonly used for dying cotton, wood and silk. Although the dye is not regarded
as a very toxic dye, MB can have various harmful effects on animals and human beings. Once inhaled, it can cause
vomiting, nausea and heart rate increasing. Therefore, many methods are available for the removal of dyes from
industrial effluents. The most widely used are biodegradation (EI-Sheekh et al., 2009), flocculation—coagulation
(Canizares et al., 2006), photo catalysis (EI-Hakam et al., 2022; El-Yazeed et al., 2022; Mannaa et al., 2021b) and
adsorption (El-Hakam et al., 2021, 2018; Mannaa et al., 2021a; Reda S. Salama et al., 2021b; Salama, 2019).
Among these methods, adsorption technique has been proven to be effective and attractive for the treatment of dye-
bearing wastewaters. Adsorption is also a comparatively cheap and effective method in the removal of MB dyes.
The adsorption characteristics of MB dyes on different adsorbents, such as activated carbon (AC), agriculture
waste, industrial solid wastes, clay, sewage sludge, silica (EI-Hakam et al., 2013a; Reda S Salama et al., 2021) etc.
have been extensively investigated. Among these adsorbents, silica (MCM-41) and titania-silica adsorbents widely
used as adsorbent for the MB’s removal (EI-Hakam et al., 2018; Mannaa et al., 2021b).
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MCM-41 has become one of the most popular mesoporous molecular sieves in the family of M41S, which
was disclosed in 1992 by Mobil oil Corporation (Ibrahim et al., 2021; Jermy and Pandurangan, 2008). Due to its
unique properties, e.g., well defined mesostructure, narrow pore size distribution, tunable pore diameter and high
specific surface areas, MCM-41 has been widely used in heterogeneous catalysis, separation, optical fields as well
as gas adsorption (El-Hakam et al., 2013a, 2013b; Reda S. Salama et al., 2021a). Due to the large surface area and
nanometer sized pore of the mesoporous compounds, especially MCM-41 been believed the promising materials
as adsorbents for various inorganic ions and organic dyes. However, MCM-41 in its pure siliceous form shows
limited applications, so, modification is necessary by incorporating active components into the MCM-41
framework such as transition metal complexes can be supported (Chen et al., 2009). Aronson et al. (Aronson et al.,
1997) have grafted TiO, nanoparticles into the mesopores of MCM-41 by introducing TiCls in hexane in the
presence of a surfactant. However, both rutile and anatase phases were formed on the external surface as minor and
major phases respectively. Since, the handling of toxic chemicals such as TiCl4 is hazardous, the use of eco-friendly
chemicals is significant as far as pollution and handling is concerned. Titania can be incorporated into the silica
structure by direct or post-synthesis methods resulting in different types of isolated or bulky active sites on the
surface of mesopore walls or in the channels, respectively. TiO, modified MCM-41 mesoporous silica has been
investigated as photocatalysts (Shi et al., 2011) or solid acid catalysts in some reactions, such as transesterification
(Eimer et al., 2008). It has an extensive application prospect in functional ceramics, sensor materials, cosmetics
products and high-grade coatings. Studies on the reactions catalyzed by TiOz-modified-MCM-41 have focused on
the relationship between the acidity and catalytic performance.

Here we report the formation of MCM-41 and TiO» nanoparticles in the pores of Si-MCM-41. We have
used Ti (IV) isopropoxide as the source of titanium and isopropanol as a medium for the incipient wetness
impregnation method then characterized firstly for their adsorption properties by nitrogen adsorption at -196°C to
determine total pores, micropore and mesopores volume, surface area and average pore diameter. Secondly for
their surface chemistry by FT-IR, acidity measurements, XRD, and TEM images. It has been observed that the
titania particles are bonded to the silica network, which controls the particle size of titania. After preparation and
characterization, find out the possibility of using such adsorbent for removal of methylene blue dye in aqueous
solution then the equilibrium and Kinetic data of the adsorption were studied to understand the adsorption.

2. Material and methods
2.1.2.1 Materials

All inorganic and organic chemicals used in preparation of adsorbent are: Cetyltrimethylammonium
bromide (CTAB), tetraethoxysillane (TEQOS), ammonia hydroxide solution (33%), Titanium (V) isopropoxide
(TIP), isopropanol and methylene blue (MB).

2.2 2.2 adsorbent preparation

The original method for preparation of MCM-41 was first proposed by Beck et al [8]. However, the method
used here is based on the modifications introduced in the original method to conduct the synthesis in mild conditions
in terms of temperature and amount of surfactant amount. In a typical synthesis [29], 2.0 g of
Cetyltrimethylammonium bromide (CTAB) was completely dissolved in 120 ml of distilled water at room
temperature then 12.5 ml of aqueous ammonia was added to this solution. After that, 10 ml of tetraethoxysillane
(TEOS) was added to the solution under vigorous stirring. At higher tetraethoxysillane loading, a thick white paste
is formed. The product was filtered, washed with distilled water and dried in air at 120°C. The mole composition
of the gel mixture was CTAB: TEOS: ammonia: H,O = 0.22: 1.04: 1.39: 44.4. The mesoporous material was finally
obtained by calcination of the hybrid structure at 550°C for 6h.

TiO, was supported on MCM-41 by an impregnation method. Amount of calcined MCM-41 was dispersed
under vigorous stirring into a solution of the desired amount of Titanium (V) isopropoxide (TIP) as titanium source
in 10 ml of isopropanol and impregnated for 24h. The TiO, contents were taken to be 2%, 8%, 15%, 25%, 35%
and 45%. The product was filtered using rotary at 70°C to evaporate isopropanol. The resultant is calcined in muffle
at 550°C in presence of air for 2 h.

2.3. Characterization

XRD patterns of all samples were scanned at 26 angle from 1 to 70 using PW 150 (Philips) using Cu Ka
radiation source and Ni filter. The apparatus was operated at 40 kV and 45mA. The average crystallite size of
particles was determined by Scherer's formula (D = 0.9 A/B cos8) where 1 is radiation wavelength (A%, 4 is the line
breadth (radians) and 6 = angle of reflection. The specific surface areas, average pore diameter and pore size
distribution of the calcined samples were determined from nitrogen adsorption-desorption studied conducted at 77
K using the high vacuum conventional volumetric glass system. Transmission electron microscopy image and
particle size were obtained using a Philips CM120 Biotwin electron microscope operating at 120 KV. TEM samples
were prepared by dipping an alcohol suspension of fine sample powders onto a Copper grid coated with holey
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Carbon foil and dried at ambient temperature. The IR spectra of modified Titania loaded on MCM-41 with different
titania content were recorded with Nicolet Magna-IR 550 spectrometer with a 4 cm™ resolution and 128 scans in
the mid-IR region 400-4000 cm™. The sample was ground with KBr and pressed into a thin wafer that was placed
inside the IR cell and then the spectrum was recorded.

2.4. adsorption activity (Adsorption of methylene blue (MB))

The well-known methylene blue cationic dye (MB) is commonly used to probe the mesoporous volume
of activated MCM-41 and TiO, loaded on MCM-41 by adsorption experiments. Adsorption studies were carried
out with 100 mg of activated adsorbent introduced into 100 ml of methylene blue (MB) solutions with different
initial concentration in the range 0-150 mg/L. The pH of suspension was adjusted to 8-10 using 0.1 M HCl and 0.1
M NaOH solution. The adsorption equilibrium of MB on the prepared materials was reached after 4 hr of stirring
at 25°C and 250 rpm. The suspensions were filtered, and then methylene blue (MB) equilibrium concentrations
were determined by spectrophotometer at 665 nm. The adsorbed amount of MB at equilibrium (ge in mg/g), was
calculated by the following equation:

[(Co — Co)V]

e

Wt
Where Cy is the initial dye concentration (mg/L), C. is the equilibrium dye concentration (mg/L), V (L) is the
volume of solution (100 ml) and wt (g) is the weight of the adsorbent. Two famous isotherms equations, namely
Langmuir isotherm and Freundlich isotherm (Freundlich, 1907) were applied to fit the experimental data of MB
adsorption.

3. Results and discussions
3.1. X-ray diffraction patterns (XRD)

Low angle XRD profiles of different weight content of TiO, loaded on MCM-41 samples are presented
in Fig 1. The MCM-41 sample shows a well-defined hexagonal structure, which is evidenced by the diffraction
peaks at 2.3°, 4.0° and 4.8° assignable to the (100), (110) and (200) silica planes, respectively (Do et al., 2005).
However, a decrease in the structural regularity is observed upon the loading of TiO,. This sample exhibits a poor-
defined XRD pattern which may be due to the partial collapse as well as to the block of the mesochannels pores
produced by the loading of TiO; (Do et al., 2005). The main difference between pure MCM-41 and TiO,-MCM-
41(TM) with different Ti-oxide content is the intensity of TiO./MCM-41 diffraction peaks decreased obviously
with increasing the TiO; content, the reason lies in two kinds: one is due to pore filling of the host material, which
reduces the scattering contrast between pore walls and pores, thus leading to a reduce in peak intensity, the higher
the electron density of the sorbate molecule, the lower the residual peak intensity in the powder diffraction diagram
(Bandyopadhyay et al., 2005). The other reason is that the decrease of peak intensity with successive loading of
metal salt may be attributed to loss of sample integrity (Parala et al., 2000). But in this experiment, the decrease of
diffraction peak is possibly caused by the first reason.

The wide-range X-ray diffraction patterns were obtained by scanning the samples from 10 to 75 degrees
as presented in Fig 2. Which exhibits a number of peaks at 26= 25.4°, 37.8°, 48° and 54.4°, which assigned to
anatase phase which the intensity of it increased by increase the amount of TiO2 content, also the peaks at 48° and
54.4° become more visible with increase in TiO; content. These results are agreement with the results of Hsien and
Coworkers (Hsien et al., 2001), who prepared Titania modified MCM-41 by impregnation method. The addition
of Titania into MCM-41 changes the crystal phase structure. The increase in TiO2 content resulted in an increase
in the degree of crystallization that can be noticed from the increasing of peak intensities as shown in Fig 2. The
crystallite size Dio1 Of tetragonal phase for some the selected samples was calculated using Scherrer equation
(Ahmed et al., 2013).

0.94

B,y;.C0SO

Where A is the wave length used and Bio; is the full width at half maximum of the (101) peak at 26 = 25.4° which
attribute for tetragonal phase. Crystallite size of the tetragonal phase line at 260 = 25.2° of (101) reflex for the
selected samples is summarized in table 1, which shows the effect of TiO, content on crystallite size of MCM-41.
Examination of Fig 2 shows that pure MCM-41 is amorphous and by addition of TiO, was associated with a notable
increase of crystallite size to reach 25.9 nm for 25% TiO,/MCM-41 and 28.66 nm for 45% TiO,/MCM-41 as shown
in table 1.

101
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Fig 1: Small angle X-ray diffraction patterns of the calcined adsorbents at 550°C for (a) Pure MCM-41, (b) 2%,
(c) 25% and (d) 45% TiO, loaded on MCM-41.
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Fig 2: Wide angle X-ray diffraction patterns of the calcined adsorbents at 550°C for (a) Pure MCM-41, (b) 2%, (c)
25% and (d) 45% TiO- loaded on MCM-41.

Table 1: physicochemical properties and crystallite size of adsorbents (TiO2/MCM-41).

Sample name d100 (NM) Unit cell a, (hm) Crystallite size D (nm)
Pure MCM-41 3.61 4.168 Amorphous

2% TiO/MCM-41 3.44 3.972 Amorphous

25% TiO2/MCM-41 3.407 3.934 25.92

45% TiO,/MCM-41 3.469 4.006 28.66
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3.2. Nitrogen adsorption/desorption isotherms

The textural properties of materials such as surface area, pore volume, pore size distribution and pore
geometry were determined for the prepared calcined samples from the low temperature adsorption of nitrogen at -
196°C. Moreover, the technique also discloses to what extent the measured surface area is associated with micro-,
meso- and/or macropores. The most reliable information about the mesoporous structure of solids comes from low-
temperature Nz adsorption isotherms. The mesoporous materials exhibit type 1V isotherms of BDDT classification
(Ahmed et al., 2013); this type has inflection around P/P¢~0.20-0.40 with narrow hysteresis loops, which is
characteristic of mesoporous materials with pore diameter in the range 2.0-4.0 nm (Lassaletta et al., 1996). Fig 3
to Fig 5 show the N adsorption—desorption isotherms at 77K of the samples. Little difference could be observed
between the N sorption curves of mesoporous MCM-41 and those of metal deposited TiO,-MCM-41. Suggesting
that the introduced titania do not affect the mesoporous structure of MCM-41. Importantly, in most of the isotherms,
it reveals that the titania diffuses through the entire pores, rather than agglomerate at the opening of the mesopores
associated with “ink bottle” shaped pores, which shows more H; character. Table 2 and Fig 6 show effect of TiO;
content on the surface area of MCM-41 sample. Pure MCM-41 calcined at 550°C showed a surface area of 1378
m?/g. Addition of titania to the support results in a decrease in the surface area. The reduction in surface area after
loading could be due to the fact that the TiO; is deposited inside the mesochannels and is well dispersed on the
surface of the hexagonally ordered mesoporous MCM-41 support. The surface area per gram of the support
indicated that the loading of titania gradually decreased the surface area as shown in Fig 6. Table 2 and Fig 7 show
the effect of calcination temperature on surface area of 25% TiO2/MCM-41, This indicates that with the raise of
the calcination temperature from 450°C to 650°C, is associated with some sort of sintering in which particle—particle
adhesion may take place and leads to a decrease in the surface area (Radwan et al., 2005) as shown in Fig 7. The
estimated values of Sget are in good agreement with that of as. This reveals the validity of both methods, i.e., BET
and as— methods used for the estimation of surface area. The different between Sgerand o5 does not exceed 3% in
some cases. The pore size distribution of pure and loaded MCM-41 shows a unique peak centered at about 30°A
diameters as shown in Fig 8. It is evident that the pore volume and the specific surface area of the loaded sample
are much lower compared to that of the pure MCM-41. This is consistent with previous results shown in table 2,
the reduction in the pore volume and surface area after loading could be due to the fact that the TiO- is deposited
inside the mesochannels and is well dispersed on the surface of the hexagonally ordered mesoporous MCM-41
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Fig 3: Adsorption —Desorption isotherms of nitrogen at -196°C on pure MCM-41 calcined at 550°C.
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Fig 4: Adsorption —Desorption isotherms of nitrogen at -196°C on (a) 2%, (b) 8%, (c) 15%, (d) 25%, (e) 35% and
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Fig 8: Pore volume distribution for (a) Pure MCM-41, (b) 2%, (c) 8%, (d) 15%, (e) 25%, (f) 35% and (g) 45%
TiO2/MCM-41 calcined at 550°C.

Table 2: Surface characteristics of pure MCM-41 and TiOy/MCM-41.

adsorbents %BZZ mszulg C rr\lll;g nrr;\
MCM-41 (550°C) 1378 1367 8.367 1.83 2.67
2% TM (550°C) 1111 1102 11.93 1.085 1.83
8% TM (550°C) 978 971 18.09 0.884 181
15% TM (550°C) 857 861 18.91 0.702 1.64
25% TM (550°C) 796 789 22.55 0.528 1.33
35% TM (550°C) 577 584 17.54 0.458 1.59
45% TM (550°C) 532 538 6.65 0.354 1.33
25% TM (450°C) 831 827 14.805 0.557 1.34
25% TM (550°C) 796 789 22.55 0.528 1.33
25% TM (650°C) 706 701 8.422 0.511 1.45

3.3. FT-IR spectra:

The frequencies of FTIR bands from pure MCM-41 and TiO2/MCM-41 observed in Fig 9 that shows the
spectra of pure MCM-41 as well as 2, 8, 25, 45% TiO2/MCM-41 samples calcined at 550°C in the region of 400-
4000 cm™. A broad band around at 3460 cm can be observed in all samples, which is mainly caused by the O-H
stretching vibration of the adsorbed water molecules or Si-O-H, while bending vibration mode of water is signified
to the band recorded at 1630 cm™. The strong vibration band at 1069 cm™ in pure MCM-41 assigned to asymmetric
stretching of Si—O-Si shifted to 1089 cm™ in TiO,/MCM-41 samples. Wave number for asymmetric stretching of
Si—O-Si has shifted from lower to higher value when titanium was loaded into MCM-41. A peak at 954 cm™ in
TiO2/MCM-41 sample is more intense as compared to the peak present in pure MCM-41. It is reported that the
peak around 910-960 cm™ is due to the Si-O stretching vibration of a polarized Si—O°— Ti’* bond (Li et al., 2005;
Wang et al., 2006; Zhang et al., 2005). In our samples peak has been observed at 954 cm™ which is at slightly
lower wave number. This however may be due to Si—-O-Ti vibration. The peak at 960 cm™ in pure MCM-41 is
more intense and can be attributed to the silanol Si-OH vibration. It is observed that peak at 960 cm™ in MCM-41
is narrow and more intense due to free vibration of Si—-OH bond as compared to TiO/MCM-41 sample. This
supports that, the TiO, nanoparticles are bonded with silica by Si—-O-Ti bond. Two more bands at ca 800 and 458
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cm? are ascribed to symmetric stretching vibration and bending vibration of rocking mode of Si— O-Si,
respectively. The anatase and rutile phases of TiO; exhibit bands in the 650-850 cm™ and 600-850 cm regions,
respectively (Sudarsanam and Reddy, 2013). In the present work, XRD characterization indicated that the surfaces
of the adsorbents were only anatase phase TiO,. In agreement with the XRD results, the IR spectra showed a band
at 679 cm*, which suggests that anatase phase TiO,, is present on the surface of the MCM-41. Fig 10 shows the
effect of calcination temperature on the IR spectra of 25% TiO2/MCM-41. It can be seen that no effect can be
observed with increase the calcination temperature to 550°C and 650°C. This implies also that the TiO. particles
are chemically adsorbed on the surface of MCM-41.
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Fig 9: FTIR spectra of (a) MCM-41, (b) 2%, (c) 8%, (d) 25% and (e) 45% TiO2/MCM-41 calcined at 550°C.
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Fig 10: FTIR spectra of 25% TiO2/MCM-41 calcined at (a) 450°C, (b) 550°C and (c) 650°C.

3.4. Transmission electron Microscopy (TEM image)

To elucidate the pore structure of MCM-41 transmission electron microscopy is usually used. TEM images
of pure MCM-41 display an order structure with uniform mesoporous arranges into hexagonal, honey comb-like
lattice as shown in Fig 11. MCM-41 exhibits regular pore with size nearly equal 3 nm. TEM images of pure MCM-
41 show the existence of nanosized (elongated) spherical particles and hexagonal arrays. Morphology structure and
uniform dispersion of obtained TiO/MCM-41 samples are clearly revealed by TEM image which can be
distinguished as dark dotes. Fig 11 shows TEM images of 2, 25 and 45 wt% TiO,/MCM-41 samples calcined at
550°C, which exhibit ordered hexagonal array of mesoporous structures. As shown in Fig 11, the ordered
mesoporous structure of MCM-41 samples is kept unaffected in the presence of TiO, (Hui and Chao, 2006; Ma et
al., 2013). Darker spots appear in the TEM images of the MCM-41 which could be attributed to some TiO, within
the pores and/or on the surface of the MCM-41 crystals. Also, the number of dark spots increases with increases
TiO, content. The crystallite sizes which calculate from x- ray diffraction patterns have nearly the same values as
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observed at TEM image. Table 1 shows the variation of crystal size values which are obtained from TEM images
and x-ray diffraction patterns for 2, 25 and 45 wt.% of TiO2/MCM-41.

(A)

Fig. 11: TEM images of (A) pure MCM-41, (B) 2% TiO,/ MCM-41, (C) 25% TiO,/ MCM-41 and (D) 45%
TiO, / MCM-41 calcined at 550°C.

3.5. adsorption activity

Dyes are widely used in industries such as textiles, leather, printing, food, and plastics, etc. The removal
of dyes from industrial wastewaters is a major problem. Conventional methods for the removal of dyes from
wastewater include adsorption onto solid substrates, chemical coagulation, oxidation, filtration and biological
treatment. Adsorption is one of the effective separation techniques to remove dilute pollutants as well as offering
the potential for regeneration, recovery and recycling of the adsorbing material.
3.5.1. The effect of pH:

Fig 12 depicts ge versus pH for 25% TiO,/MCM-41 calcined at 550°C. Evidently, successive increase of
e is shown with the increase of pH from 2 to 10. Fig 12 shows that pH at 8-10 is the best point for adsorption of
MB.
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Fig 12: Effect of pH on adsorption of methylene blue by 25% TiO,/MCM-41 calcined at 550°C.
3.5.2 Equilibrium Adsorption isotherm:

The analysis and design of the adsorption process requires the relevant adsorption equilibrium, which is
the most important piece of information in understanding an adsorption process. The isotherm data were obtained
by plotting the amount of dye adsorbed on the solid (mg/g) against the remaining concentration of dye in the
solution (mg/L), generally called equilibrium concentration as shown in Fig 13.

Langmuir adsorption isotherm model can be written as
1 1 1
. . te  Kigm <o .
Where g is the equilibrium dye concentration on the adsorbent (mg /g), Ce the equilibrium dye
concentration in the solution (mg /L), gmax the monolayer adsorption capacity of the adsorbent (mg /g), and K is
the Langmuir adsorption constant (L/mg) related to the heat of adsorption.

The linear form of Langmuir isotherm can be represented as:
Ce 1 1
Z=—4+—C
qde bq:m 9m €

A straight line of slope = qi and intercept = i is obtained when Ce /qe is plotted against C. in Fig 14.
m m

One of the essential characteristics of the Langmuir isotherm can be expressed by a separation factor, Ry;

which can be calculated from:
1

RL = m

Where C, is the highest initial solute concentration and the R, value implies whether the adsorption is
unfavorable (R > 1), linear (R. = 1), favorable (0 < R, < 1), or irreversible (R. = 0). It was observed that all the
R. values obtained were between 0 and 1, showing that the adsorption of MB on TiO, / MCM-41 samples were
favorable.

Freundlich isotherm is an adsorption model for a single solute system. Freundlich model is based on an
empirical equation of the distribution of solute between the solid phase and aqueous phase at equilibrium. It is not
restricted to the formation of a monolayer in comparison with Langmuir theory. The well-known logarithmic form
of Freundlich is given by the following equation:

1
logq. = ;log C. +logKg

Where Ke and n are Freundlich constants related to adsorption capacity and adsorption intensity,
respectively. In general n>1 illustrates that adsorbate is favorably adsorbed on the adsorbent whereas n < 1
demonstrates the adsorption process is chemical in nature. The plot of log(ge) versus log (Ce) gave a straight line
with slope of 1/n and intercept of In Kg. Fig 15 shows satisfactory linear plots indicating the fitting of the MB
adsorption data to the Freundlich equation. Also, high values of R?, i.e. between 0.8968 and 0.9331 were obtained.
The Freundlich constants as determined from the linear Freundlich plots, together with corresponding values of R? are
listed in Table 3. The values found for n were between 3.41 and 4.1, which prove that the adsorption is favorable
and process is physical in nature. Also, the values of qmax and Langmuir constants determined by the application of the
Langmuir model are included in table 3.
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Fig 13: Equilibrium adsorption isotherm of methylene blue onto (a) pure McM-41, (b) 2%, (c) 8%, (d) 15%, (e)
25%, (f) 35% and (g) 45% TiO,/MCM-41.
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Fig 14: Linear form of Langmuir isotherm for methylene blue onto pure MCM-41 and different weight content of
TiO, loaded on MCM-41.
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Fig 15: Linear form of Freundlich isotherm for methylene blue onto pure MCM-41 and different weight of TiO,
loaded on MCM-41.
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Table 3; Adsorption isotherm parameters for MB on pure MCM-41and TiO,/MCM-41.

Langmuir isotherm

Freundlich isotherm

Sample Omax (Mg/g) Ky (L/mgQ) R? RL Ke (mg/g) n R?
Pure MCM-41 28.89 0.4221 0.99586 0.023 11.71 4.098 0.89686
2% (TM) 64.35 0.5072 0.97781 0.019 26.3 3.981 0.93312
8% (TM) 72.57 1.116 0.99572 0.0089 31.92 3.413 0.89839
15% (TM) 80.71 1.5334 0.99597 0.00648 39.01 3.490 0.91737
25% (TM) 86.66 1.936 0.99562 0.00514 44,61 3.597 0.92077
35% (TM) 60.98 0.592 0.9921 0.017 24.53 3.876 0.95762
45% (TM) 48.64 0.4221 0.99732 0.023 20.62 4,048 0.92487

3.5.3. Dynamic adsorption of methylene blue:

Kinetic study is one of the most important methods to evaluate the efficiency of adsorption. It describes
the rate of adsorbate uptake onto TiO./MCM-41 samples and the equilibrium time. The effects of contact time on
the adsorption of MB on different samples are shown in Fig 16.

The amount of dye adsorbed at time t, q: (mg/g) was calculated using the following equation:

_ (G —CV

t

Where Cp and C; (mg/L) are the initial concentration and the concentration of the dye adsorption
solution at time t, V is the volume of solution in (L) and M is the mass of adsorbent in (g).
Fig 16 shows an increase in adsorption capacity with time for all investigated samples. However, the
adsorption was faster at the initial stages but progressively slowed down with time until equilibrium was finally
attained. This is attributed to the large number of vacant sites available for adsorption at the initial than the later

stages.
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Fig 16: Kinetic adsorption curves of MB over (a) pure McM-41, (b) 2%, (c) 8%, (d) 15%, (e) 25%, (f) 35% and
(g) 45% TiO/MCM-41.

The kinetic models used in order to investigate the mechanism of adsorption, were the pseudo first order

and the pseudo- second order kinetic models and the intraparticle diffusion models. The form of the pseudo- first
order model of adsorption can be expressed in the following equation:

log(q. — q,) = logq. —

k1
2.303
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Where g and g: (mg/gm) are the amounts of dye adsorbed at equilibrium and at time t, respectively and
ki, is the equilibrium constant (min). Fig 17 shows the application of linear pseudo first order model to the kinetic
adsorption.

While the form of the pseudo- Second order reaction equation may be written as
t 1 1
el gt

Where K3 is the pseudo-second-rate constant (mg/g.min). Fig 18 shows the application of linear pseudo
second order model to the kinetic adsorption. The kinetic adsorption constants as determined by the application of
the pseudo first order and the pseudo- second order kinetic models are listed in table 4.

Evidently the application of the pseudo first order model to the kinetic adsorption curve of MB gave Qe
values significantly lower than the corresponding experimental ones. Also, the values of the correlation coefficient
RZ were relatively low compared with those obtained when the pseudo second order model was considered. These
suggested that the pseudo-second-order adsorption mechanism was predominant referring that adsorption process
is controlled by chemisorption which involves valency forces through sharing or exchange of electron between the
solvent and the adsorbate (Ahmad and Rahman, 2011). Since neither the pseudo-first-order nor the second-order
model can clarify the diffusion mechanism, the kinetic results were further analyzed by the intraparticle diffusion
mode to clarify the diffusion mechanism.
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Fig 17: Pseudo first order kinetic model for adsorption of MB onto pure MCM-41 and different weight content of
TiO; loaded on MCM-41.
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Fig 18: Pseudo second order kinetic model for adsorption of MB onto pure MCM-41 and different weight content
of TiO; loaded on MCM-41.
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Table 4: kinetic model parameters (pseudo 1% order and pseudo 2™ order) for adsorption of methylene blue onto
investigated adsorbents.

sample

Qe(exp) (MQ/Q)

Pseudo-first-order-kinetic- model

Pseudo-second-order-kinetic- model

ger (Mmg/g) Ki (1/hr) R? ge2 (mg/g) Kz (g/mg.hr) R?
MCM-41 28.89 10.94 0.614 0.90305 29.19 0.1739 0.9998
2% TM 64.35 14.45 0.437 0.93719 62.77 0.2350 0.9999
8%TM 72.57 16.14 0.599 0.94576 72.78 0.1748 0.9998
15%TM 80.71 19.91 0681 0.97359 80.91 0.1441 0.9997
25%TM 86.66 25.44 0.689 0.97681 89.18 0.1115 0.9999
35%TM 60.98 12.38 0.679 0.97303 60.50 0.2296 0.9995
45%TM 48.64 14.04 0.675 0.94463 48.99 0.1819 0.9998

3.5.4. Adsorption mechanism:

The intraparticle diffusion model was first proposed by Weber and Morris (Kumar et al., 2010). Who
concluded that the uptake was proportional to the square root of the contact time during the course of adsorption

q. = K t*5 +C

Where Kg is the rate constant of the intraparticle transport [mg/g.h%%]. The value of Ky is obtained from
the slope of the straight line, where C is the intercept. The parameters Kq, C and R? are listed in table 5. As shown
in Fig. 19, the dual nature of the curves was obtained due to the varying extent of sorption in the initial and final
stages of the experiment. The first sharper portion was the external surface adsorption. The second portion was the
gradual adsorption where the intraparticle diffusion was rate limiting. If the lines don't pass through the origin
point, therefore Intraparticle diffusion is not the only rate limiting step and indicates the effect of film diffusion
(boundary layer diffusion) on adsorption of dyes. In order to predict the real slow step involved, the kinetic data
were further analyzed using the Boyd kinetic expression. This Kinetic expression predicts the actual slowest step
involved in the adsorption process.

Boyd kinetic equation (El-Khaiary and Malash, 2011) was applied, which is represented as:

F=1-2 Zm L ’Bt
®©=1-5) zexp(-n’B)
Where f is the fractional attainment of equilibrium at different times (t), and B (t) is a mathematical function of F.
F= Z_
e
Where g: and ge is the amount adsorbed at time (t) and equilibrium respectively. Reichenberg (Reichenberg,

1953) managed to obtain the following approximations:
B(t) = —0.4977 — In(1 — F) when F > 0.85

B(t) =(m— |m— <”2 F(t)>)2 when F < 0.85

3
The plot of B (t) against time t can be employed to test the linearity of the experimental values. If the
plots are linear and pass-through origin, then the slowest (rate controlling) step in the adsorption process is the
internal diffusion, and vice versa. From Fig 20, it was observed that the plots are linear but do not pass though the
origin suggesting that the adsorption process is controlled by film diffusion.
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Fig 19: Intraparticle diffusion plot for adsorption of methylene blue onto (a) pure McM-41, (b) 2%, (c) 8%, (d)
15%, (e) 25%, (f) 35% and (g) 45% TiO/MCM-41.
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Fig 20: Boyd plot for adsorption of MB onto pure MCM-41 and different weight content of TiO2 loaded on MCM-

Table 5: Intfal—barticle diffusion and Boyd plot parameters for adsorption of MB onto investigated adsorbents:
Intraparticle diffusion Boyd plot

Samples (mg/I;(fho-5) (mgC/:gm) R? Intercept R?

MCM-41 0.2668 27.68 0.9492 -0.0232 0.9819
2% TM 0.2434 61.46 0.8285 0.6831 0.9802
8% TM 0.4567 70.49 0.8573 0.6967 0.9874
15% T™M 0.3637 78.97 0.9194 0.6533 0.9851
25% T™M 0.5335 84.39 0.8894 0.5201 0.9907
35% T™M 0.2755 59.06 0.8292 0.5312 0.9802
45% TM 0.3216 47.25 0.9904 0.2031 0.9904

4. Conclusion

In this study, Solid acid material of MCM-41 prepared by sol-gel method followed by incorporation of
TiO; within the mesochannels through a simple and effective impregnation method. Structure characterization of
the prepared adsorbents and phase changes were determined using X-ray, TEM and FT-IR techniques, the results
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have shown that presence of sharp peak at 20 (2.4) which implies the hexagonal pore structure of all samples. For
TiO2 / MCM-41 adsorbent, the addition of TiO; stabilizes the tetragonal anatase phase of TiO,. As TiO; loading
increase, characteristic peaks for anatase phase are formed. TEM images of pure MCM-41 show the existence of
nanosized (elongated) spherical particles and hexagonal arrays. Darker spots appear in the TEM attributed to some
TiO2 within the pores and/or on the surface of the MCM-41 crystals that increases with increases TiO, content. It
was found that the surface area of MCM-41 determined by BET method was found to be 1378 m?/g. The surface
area values decrease on increasing the TiO. content due to the deposition of TiO, particles on the surface and pores
of MCM-41. addition of TiO, to MCM-41 was accompanied by gradual increases in acid strength up to 25wt%
TiOz. This may be due to the good dispersion of TiO; on the surface of MCM-41 which leads to the generation of
acid sites.
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