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Abstract: Fe2O3, SiO2, TiO2 and TiO2/SiO2, Fe2O3/SiO2 core–shell nano particles were used to decompose 
methylene blue (MB) in a laboratory scale study prior to its use in the treatment of waste containing azo dyes that 
may potentially pose adverse environmental consequences and health hazard to human.  
The preparation of TiO2, Fe2O3 cores produced perfectly spherical and smooth surfaces of associated silica shells. 
The percent degradation of Methylene blue (MB) was measured and found to reach 98% using SiO2 in 300 min. The 
corresponding percent degradation using TiO2 and TiO2/SiO2 reached 95% and 81% respectively for the same time 
period. The results obtained using Fe2O3 and Fe2O3/SiO2 core–shell particles were not encouraging. 
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1. Introduction 

Fifteen percent of the azo dyes used in the 
textile, paper, leather, ceramic, ink, cosmetics and 
food processing industries are lost during production 
and application as wastes (1). The waste containing 
these dyes may pose adverse environmental 
consequences and health hazards to humans since it 
may lead to the formation of carcinogenic aromatic 
amines when degrading under anaerobic conditions 
(2). Various options have been be employed to treat 
such wastes. These include chemical treatment such 
as chlorination and ozonation (3,4), electrochemical 
treatment (5),physical treatment such as adsorption by 
activated carbon and membranes (6,7), photocatalysis 
(2), biological treatment and a combined 
chemical–biological method (8). The use of 
semiconducting materials such as SiO2–TiO2 as a 
catalyst (9) and Fe3O4–TiO2 as a  photocatalyst (10) for 
various chemical reactions are well received due to 
their unique optoelectronic and photocatalytic 
properties (11,12). For the decomposition of dyes, silica 
(SiO2) was considered in a previous effort due to its 
stability as a support in solution (13); also the catalytic 
properties of titania (TiO2) were exploited in order to 
decompose organic pollutants in wastewater (10).  

Despite the favorable properties of titania in the 
decomposition of dyes, it is not thermally stable when 
applied independently in a powdered form. This is 
further exacerbated by the fact that the powdered 
titania tends to dissolve and lose its surface area 
readily in the solution, making recovery of TiO2 
catalyst difficult if not impossible. Many researchers, 
in their effort to improve the stability of titania and 
enhance the separation of the catalyst from solution, 

attempted at depositing titania onto the surface of 
magnetic cores (14) while others were interested in 
depositing titania onto the surface of silica cores due 
to economic reasons (15) . The deposition of titania 
onto the surface of SiO2 support cores was achieved 
by several approaches namely impregnation, 
precipitation and sol– gel techniques (16, 17). For the 
applications as catalysts and adsorbents, it is 
imperative that a proper thickness of TiO2 film with 
well-defined textural morphology be developed in 
order to effect the desired reactions. The proper 
thickness of titania film may be achieved by 
increasing the concentration of the titania precursor.  

The catalytic activity of titania and iron oxide 
nanoparticles can be enhanced or suppressed by 
coating them with appropriate materials. The 
insulating layers like silica (SiO2) 

(18-19), alumina 
(Al2O3) 

(20-22), or a polymer (23-24), are often expected 
to isolate the titania nanoparticles from the catalyzed 
components to suppress the catalytic activity of 
titania nanoparticles.  

The use of hematite Fe2O3 as a photocatalyst has 
also been studied because it is non toxic, abundant, of 
low cost besides being the most stable form of iron 
oxide 

(25).   
This paper deals first with the preparation and 

characterization of spherical Fe2O3, SiO2, TiO2 and 
TiO2/SiO2, Fe2O3/SiO2 core–shell nano-particles. The 
effectiveness of these core–shell particles in 
decomposing methylene blue and methyl orange dyes 
from their aqueous solutions was then tested under 
different operating conditions and the corresponding 
kinetics disclosed so as to design high performance 
materials for water treatment.  
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Sodium silicate was used as a source of silica 
because of its low price and to check the ability of 
relatively low grade silica sources towards methylene 
blue and methyl orange dyes photodegradation. 

Titanium dioxide exists in three different 
crystalline phases’ anatase, rutile and brookite. 
Anatase was found to be more active 
photocatalytically than rutile. Due to the large surface 
area, thin and composite coatings consisting of 
anatase TiO2 nanoparticles show high photocatalytic 
efficiency. The photocatalytic activity of coating TiO2 
do not depend only on the phase, but also on the 
crystallite size and porosity. For the reasons briefly 
mentioned above it was interested to check the effect 
of using TiO2 rutile phase with and without coating 
with sodium silicate towards photodegradation  
 
2. Experimental  

Materials used for the preparation of the cited 
nanoparticles were sodium silicate (water glass 
Na2Si2O3, lab. grade) as a source for SiO2, Titanium 
dioxide, TiO2 (II). (Analar grade), Ferric acetate, 
(Analar grade) as source for Fe2O3, Hydrochloric 
acid (Analar grade) and dionized water (produced by 
Arab company for pharm. and medical 
plants-MEPACO- Egypt). 

Different spherical nanoparticles were 
prepared through the following steps: 

1. For preparing nano SiO2, 200 ml of Na2Si2O3 and 
200 ml water were mixed for 10 min.; 10 ml of 
HCl were then added and mixing performed for 15 
min. then the final mixture was washed with hot 
deionized water. 

2. Cores were prepared by adding 5 g. of core 
material (Fe2O3 or TiO2) to sodium silicate solution 
then mixing for 10 min. 

3. The presence of unwanted chlorine ions was 
detected by titration of the washes with silver 
nitrate solution using potassium chromate and 
potassium dichromate solution as indicator.  

4. The mixtures were then dried at 80oC for one hour. 
5. They were then fired for one hour at 300oC in a 

muffle furnace fitted with an on/off temperature 
controller. The temperature sensor was a 13% 
Pt/Pt-Rh thermocouple. The maximum deviation of 
the thermocouple readings from the set point was ± 
5°C at 300oC 

6. Nano iron oxide was prepared by heating 250 g. of 
ferric acetate powder for 48 hours.  

 
3. Characterization  
3.1- X-ray Diffraction  

Diffraction patterns were obtained by means a 
chart recording Bruker ax5 –D8 Advance –Diffrax 
plus search X-ray diffractometer using copper (Kα) 
radiation. 

The interplanar spacings (d) were derived from 
Bragg,s law: 
2d sinθ = n.λ, (n=1)      (1)  
where λ =1.5405 Å, is the wavelength associated 
with the Cu Kα radiation used. The relative intensity 
(I/I0) was calculated for all lines in the obtained 
diffraction patterns. 
The average crystallite size was calculated using the 
diffractions peaks from Scherer,s formula  
D = 0.9 λ / (β - β1) cos θ                   (2) 

Where D is the grain diameter in Å, β is the half- 
intensity width of the relevant diffraction peak, β1 
represents the half-intensity width due to 
instrumental broadening, λ is the X ray wave length, 
and θ is the angle of diffraction. 
 
3.2. Photocatalytic activity 

Photocatalysis experiments were carried out in 
100 ml beaker containing about 100 ml of MB or 
MO  aqueous solution (0.003 gm) and about 0.3 mg 
of the catalyst at natural pH ≈ 7. Experiments were 
carried out under two different sets of conditions: 
direct light, and without light.  

Irradiation was carried out using a 200W 
tungsten lamp as a source of visible light, which was 
placed vertically on the reaction vessel at a distance 
of 200 mm. (The operating distance from the 
filament of the lamp). At specific time intervals, a 
certain amount of the sample solution was withdrawn 
and the changes in color concentration of the dye 
were observed from its characteristic absorption band 
at around 664 nm using a UV – Vis 
spectrophotometer model (Jasco V- 530). 

The percent degradation of the tested dyes was 
calculated using the following formula: 
Percent degradation = (1- (At / A0)) x 100 (3) 
Where At is the absorbance after time t and Ao is the 
dye initial concentration before degradation. 
  
4. Results and discussion 
4.1- X-Ray and TEM Characteristics 

From X-ray measurements using Scherrer 
equation it was found that the crystallite sizes of all 
samples were in the nano size range: Fe2O3, SiO2, 
TiO2 and  TiO2/SiO2, Fe2O3/SiO2 for TiO2 = 106 nm 
and for Fe2O3 = 44 nm 

The X-ray diffraction patterns of uncoated iron 
oxide and titanium oxide particles, silica, silica 
coated iron oxide and silica coated titanium oxide 
particles yielded the maximum peak intensities 
shown in Table (1) with d-values corresponding to 
peak intensities. 
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Table 1:  XRD Parameters. 
Material 2θ I/Io d (Å) 
TiO2 27.5 100 3.24 

Fe2O3 35.6 100 2.52 

TiO2/SiO2 27.5 100 3.25 

Fe2O3/SiO2 35.7 100 2.51 

 
Pure silica exhibited a highly amorphous 

structure while strong and sharp peaks indicate the 
well-crystalline nature of α-Fe2O3 and TiO2 nano 
crystals in uncoated particles. 

The XRD spectrum of coated samples revealed 
a highly amorphous silica structure and small peaks 
corresponding to crystalline Fe2O3 and TiO2. 
    The average crystallite size of Fe2O3/SiO2 
particles is lower than that of pure Fe2O3 (35 nm 
compared to 44 nm) as shown by TEM (Fig. 1). This 

result, together with XRD results, indicates that the 
addition of SiO2 decreased the crystallite size and 
crystallinity by inhibiting the growth of Fe2O3 core 
particles. It is worth noticing that the core particle of 
Fe2O3/SiO2 particles (44 nm) in diameter (obtained 
from XRD) is fairly consistent with the crystallite 
size of 35 nm (obtained from TEM- Fig 1). 
    A different result was obtained for titania coated 
particles as coating increased the average crystallite 
size from 55 nm for pure TiO2 to 66 nm for SiO2 
coated TiO2. 

For Fe2O3 the decrease in volume observed on 
the formation of core – shell particles with silica 
mainly reflects the substitution of Fe3+ and by Si4+ as 
well as the formation of Fe–O–Si bonds because the 
radius of Si4+ (0.041 nm) is much smaller than that of 
Fe3+ (0.065 nm )

 

 

Fig. 1 TEM   a: Pure iron oxide                               b: Silica coated iron oxide 
 
4.2. Photocatalytic activity in degradation of MB 

The prepared powders were tested as catalysts for 
the photocatalytic decomposition of methylene blue 
(MB). The effect of core and shell materials and 
conditions of decompositions of MB dye was 

investigated in visible light as well as without light. 
    The change in the absorbance of MB was 
recorded as a function of time as shown in Fig.2 .  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.2 Photodegradation of MB in presence of different nanocatalysts 
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The rate of degradation is highest at the early 
stages of reaction and gets slower with time till the 
end of the reaction. It was observed in the UV – Vis 
spectrophotometer that the maximum absorption 
peak at 664 nm corresponding to the azo bond of MB 
molecule diminished gradually as the irradiation time 
increased .It disappeared completely after different 
time intervals depending on core shell materials.  

The percent degradation of MB was calculated 
from equation (3) and the results are shown in table 
2. 

It can be seen that it is greatly affected by the 
presence of core–shell particles:  MB is 98% 
decomposed in 300 min using silica nano powders 
with and without light. For Fe2O3/SiO2 core–shell 
particles the decomposition reaches 51% with light 
and 60% without light in 100 min compared to 5% 
and 13% when pure Fe2O3 powder was used. 

Using TiO2/SiO2 core–shell particles the 
degradation level was 78 % in 300 min with light 
and 81% without light compared to 95% when 
using pure TiO2. 

Accordingly, it can be concluded that the rate of 
degradation of MB dye increased by coating Fe2O3 
with SiO2 because of decreased crystallite size and 
hence higher surface area and better photocatalytic 
activity. On the other hand the increase in crystallite 
size associated with coating of TiO2 by SiO2 reflects 
negatively on the degradation of MB. 

It also can be seen that during the first 200 min 
the degradation of MB increases rapidly slowing 
afterwards as shown in table 2  
 
Table 2 : Percent Degradation of MB 

 
Under light-rich conditions, photocatalytic 

reaction rate depends on the adsorptive property of 
MB onto the catalysts surface. 

 The more the amount of MB adsorbed onto 
the catalysts surface, the higher the photobleaching 
rate (27). As the illumination time increases, the 
amount of dye adsorbed onto the catalysts surface 
becomes smaller due to photobleaching of MB by 
the catalysts (28). Therefore, the percent degradation 

of MB increases slowly after the first 200 min. 
In case of  Fe2O3/SiO2 the transition from Fe3+ 

to Fe2+ corresponds to the transition from d5 to d6, 
and Fe2+ is relatively unstable due to the loss of 
exchange energy and tends to return to Fe3+, resulting 
in the release of the trapped electron becoming easy.  

According to Fenton reactive mechanism, the 
coexistence of Fe2+ and H2O2 in an acidic condition 
may produce ·OH, which has strong oxidizing power. 
Hence, it can be inferred that the following reactions 
may occur simultaneously in the reactive system. 
Fe3++e-→Fe2+ 
Fe2++H2O2+H+→ Fe3++ OH−+H2O 
Fe2++HO2+H+→ Fe3++H2O2 
H2O2+ e-→·OH + OH− 

Therefore the vacancies introduced in the 
crystal lattice by Fe3+ make the surface charges 
unbalanced. Hence the concentration of hole carriers 
may increase under visible light irradiation with 
increasing amount of Fe3+ and the photocatalytic 
efficiency may improve accordingly. Thus, it can be 
inferred from our experimental results the vacancies 
in the above crystal play an important role in the 
improvement of the photocatalytic activity. This is in 
accordance with the work of Bitao et al. (29) who 
studied the photocatalytic degradation of methylene 
blue on Fe3+ doped TiO2 nanoparticles under visible 
light irradiation. 

Comparing SiO2 to TiO2/SiO2 the decrease of 
titania surface area caused by silica coating caused 
the photocatalytic activity to decrease; also from 
XRD it was observed that the titania phase is rutile 
which was reported to give slower degradation than 
anatase (30). Rutile has a little absorption in the 
visible light region. However, its photocatalytic 
activity is not high because the photo-generated 
electron-hole pairs can easily recombine with each 
other by ultraviolet or visible light. The 
photo-generated electrons mainly remain in the 
interior of rutile phase TiO2, and react easily with 
TiO2+ to produce the Ti3+ ions instantly. Subsequently, 
these Ti3+ ions capture photo-generated holes thus 
generating a side-effect to the photocatalytic reaction 
(31).  
 
4.3 Kinetics of photocatalytic degradation of MB 

      In studying the kinetics of degradation of MB, 
it was first assumed that the reaction follows a first 
order model. So, a plot of ln (At/ Ao) versus time 
should yield a straight line, the slope of which upon 
linear regression equals the apparent first-order rate 
constant K 
Ln(At/A0)=-K.t                         (4) 

Where A0 and At are absorbance of the dyes at 
time 0 and at time t respectively. K is the first order 
rate constant in min−1 and t is the time in minutes.  

Powder Time minute 100 200 300 
S With light 55 82 98 

Without light 78 90 98 
T With light 65 89 95 

Without light 53 92 95 
F With light 5 23 33 

Without light 13 34 43 
SF With light 51 --------- --------- 

Without light 60 --------- --------- 
ST With light 73 75 78 

Without light 56 65 81 
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Fig. 3 was drawn for the case of SiO2 catalyst 
as an example to show that this assumption is valid. 
Actually it was found to be valid in most cases 
except for the degradation of   MB with Fe2O3 in 
light and Fe2O3/SiO2 without light that yielded linear 
fits corresponding to second order reactions 
following the kinetic equation: 

t.K
A

1

A

1

0

                        (5) 

 
Fig.3 First order kinetics of degradation of MB in  
    presence of SiO2 catalyst 
 

Fig. 4 shows the second order kinetics for these 
two cases. Table 3 shows the values of the rate 
constants obtained in each case together with the 
corresponding determination coefficient R2. 

 
Table 3: K and R2 values for MB degradation 

Sampl
e 

With light Without light 

 Ord
er  

k R2 Ord
er 

k R2 

S 1 0.0086 0.97
7 

1 0.01
29 

0.99
0 

T 1 0.0088 0.96
9 

1 0.00
74 

0.99
2 

F 2 0.0018 0.94
7 

1 0.00
18 

0.95
5 

SF 1 0.0075 0.96
8 

2 0.01
25 

0.95
0 

ST 1 0.0078 0.96
8 

1 0.00
76 

0.98
8 

 
The effect of coating of F and T samples on 

the kinetics of degradation can be followed up 
from the previous table where it can be seen that 
the degradation rate is much faster for 
Fe2O3/SiO2 samples compared to Fe2O3 samples, 
whether with or without light. This effect did not 
show in case of T samples where coating did not 
contribute to increased rate of degradation as can 

be seen from the relative figures of k in the table. 
Such result is consistent with the previous 
section (4.3.1) concerning the role of coating in 
both F and T samples. 
 

 
Fig.4 Second order kinetics of degradation of MB 
in presence of Fe2O3 or FS catalyst 
 
Conclusions 

Different nanosized powders were used as 
catalysts for the degradation of Metylene Blue (MB). 
These were: Fe2O3, SiO2, TiO2, and TiO2/SiO2, 
Fe2O3/SiO2 core–shell particles. Low cost raw 
materials were used in preparation. Degradation was 
studied in absence and in presence of direct light. 
XRD was used to identify the different phases and to 
calculate their crystallite size. UV was used to follow 
the extent of photodegradation. TEM micrographs 
were used to show the evidence of formation of core 
shell particles as well as to obtain their mean 
nanosize.  
The following results were obtained: 
1. Coating of titania and iron oxide particles with 

silica yielded smaller nanosizes with improved 
catalytic action for the degradation of MB. 

2. The best degradation results were obtained on 
using pure silica or titania nanocatalysts 
whether in presence of or in absence of direct 
sunlight. 

3. The catalytic effect of silica coated titania was 
higher than that of silica coated iron oxide for 
MB degradation. 

4. Most of degradation reactions of MB using the 
different catalysts at hand followed first order 
kinetics. 
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