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Abstract: Chemical and physical treatments of commercialtitanium dioxide (TiO2) was carried out in this study to generate the shapes 
suitable for the photocatalytic degradation ofMethyl Orange (MO), Congo Red and Methylene Blue which are anionic and cationic dyes 
respectively. The synthesized TiO2 was characterized using scanning electron microscopy (SEM), X-ray diffractometer (XRD) and 
Fourier transform infrared spectroscopy (FTIR) and then used under simulated sunlight for the degradation of dyes. The SEM results 
showed that smaller particles of TiO2 were formed after heating while the chemical treatment resulted in the formation of square-like 
particles. The XRD results showed that treatments resulted in the dominance of anatase phase and occurrence of the brookite phase. 
Various concentrations of dyes were considered to assess the photocatalytic degradation capacity and adsorption behaviour of TiO2. The 
experiments were carried out in a lightproof chamber with a 92.4% simulation of sunlight. It was found that up to 60% more 
degradation takes place in cationic dyes than anionic dyes, because of higher adsorption preceding the degradation. A small particle 
with a high anatase phase is also more effective for most dyes than other particles under sunlight like conditions. Thus the commercial 
TiO2 is the most effective TiO2 particle to use for photocatalytic degradation under sunlight like conditions. 
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1. Introduction 

Dyes are among the main pollutants of fresh drinking water; 
an important aspect of water purification will therefore 
consist of the degradation of dyes in solution.  Dyes are used 
in almost every sector of the industry, for example dyes are 
found in clothing, food colouring, yarn, leather, and even in 
the microbiology sector for staining. There are more than 
100,000 types of dye available commercially [1-4].
Although care is taken to dispose of dyes correctly, some 
effluents are washed into the water system; this is a big 
environmental concern for water treatment since dye is 
difficult to remove, not readily biodegradable and even a 
small amount (1 mg/L) can affect water aesthetically[5-8].
Methods used to remove dyes from solution include 
adsorption of the dye by a material or flocculants and 
degradation of the dye by an oxidising component.  The 
degradation of an azo dye poses a challenge since it has 
noxious aromatic immediate formation, which can be 
converted to carcinogenic compounds [9].

A lot of research has been focusing on the utilisation 
photocatalysis to degrade dyes in water, particles with 
oxidising capabilities are among the effective methods for
dye removal; the particle method can be activated by 
photocatalysis to improve the degrading of the dyes, many 
forms of oxidising components have been tested[10-17].
Synthesis of gold, zinc, silver and other metallic compounds 
with an oxidising compound such as ZnO and TiO2 particles 
have been extensively researched to determine the 
effectiveness (usefulness) of the particles as well as their 
efficiency for the degradation of dyes[18]. For the 
improvement of degradation and recovery, some metal 
oxides are doped with other metals such as gold, silver and 
iron[18]. To improve safety for human consumption, some 
of these particles are immobilized in a cloth or solid 
structure[19, 20]. TiO2 is the chosen material for most of 
these studies as it is one of the most stable and non-toxic 
materials with photocatalytic capabilities available to the 

industry[21]. TiO2 is used as a whitening agent in toothpaste 
as well as a white food colouring and is thus not harmful for 
human consumption; it is also commercially available and 
can be used in various forms, shapes and sizes[22]. The 
efficiency of TiO2 in photocatalysis of dyes has been tested 
on certain dyes within different conditions; during research,
different shapes of TiO2 nanoparticles are synthesized with 
different reaction conditions, reagents and additives. A few 
of the shapes of TiO2 have been compared with each other 
for their efficiency in photocatalysis, it has been concluded 
that the use of smaller particles is the most effective for 
photocatalysis as the increased surface area improves the 
reaction capability[22]. Because scattering of light and a 
larger surface area can enlarge light harvesting, mesoporous 
nanoparticles could perform better than conventional anatase 
phase TiO2; however some shapes have been found to be 
less efficient than commercially available Degussa p25, 
which is a combination of rutile and anatase phases of 
TiO2[6]. It has been found that the capacity of degradation
can be influenced by the shape of the nanoparticles. The 
synthesis for shape controlled nanoparticles has been 
successful in several cases[23]. In the study of Liao and Liao
[24],who investigated the effect of the physical properties on 
the photocatalytic activity of TiO2, it was found that shape-
controlled nanoparticles perform better than nanoparticles 
produced without surfactants; the cubic shaped nanoparticle 
is found to be superior in this regard. The production of 
small particles provides larger surface area enhancing the 
performance of nanoparticles; in the study, the uniformity of 
the shape was shown through Scanning Electron Microscope 
(SEM) images [24].

Many methods exist for creating nanoparticles; some of the 
popular methods include the Sol-Gel method, a precursor for 
TiO2 is dissolved in water or ethanol and if shape- and size 
controlling is required a surfactant is added to the 
mixture[24]; this results into a mixture which is dried under 
prescribed conditions to form a gel. The Sol-Gel method is a 
relatively easy method for synthesizing nanoparticles and 
uses less energy than most other methods since particles are 
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synthesized close to room temperature. Uniformity in shapes 
and size is a problem with the Sol-Gel method; 
advancements in this area have been achieved by calcinating 
the gel at a temperature between 200-900 degrees Celsius to 
ensure uniformity [6].

Another method used in the creation of nanoparticles is the 
hydrothermal method[25]; in this method a precursor is 
mixed with acid and water, the reaction then takes place 
between 120 to 500 degrees Celsius for long periods of time, 
ranging from 6 to 120 hours[25].

The hydrothermal method is very energy and time 
consuming but produces relatively uniform results.  In the 
microwave method a precursor is mixed with water, ethanol 
and chloroform, and is microwaved for 30 min at 
approximately 110 degrees Celsius [26]; this method is less 
energy and time consuming than the hydrothermal method 
and also produces relatively uniform results.  Some other 
methods exist; one of these is the ultrasonic method, in 
which a sol-gel is optimised by ultrasonic waves [27]; the 
applied energy causes faster reaction since the change in 
energy is rapid.  Doping of nanoparticles has also been 
considered and researched to find more efficient particles for 
photo catalysis; some particles are doped with iron to 
produce magnetic particles that can be recovered and reused. 

The susceptibility of different dyes to photocatalytic 
degradation has been previously investigated, but the studies 
lack comparison of different shapes of nanoparticles, 
different shapes have been compared with only one azo 
dye[24]. Thus this study, aiming to compare the influence of 
shapes on the susceptibility of different azo dyes to 
photocatalytic degradation, will provide a fuller picture and 
a better understanding of the degradation of these dyes as 
well as the photocatalytic abilities of the different shapes 
and how they relate to one another.

2. Methodology 

Materials 
Commercial TiO2 and synthesized shapes were used for this 
study. The commercial TiO2 and precursor as well as 
surfactants for the synthesized shapes were bought from 
Sigmateck and ACE. No further purification was required of 
these chemicals. The dyes used for this investigation was 
Methylene Blue (MB), Methyl Orange (MO) and Congo 
Red (CR). The most effective wavelengths were obtained by 
a wavelength search on the spectrophotometer and these 
wavelengths were used to calibrate the Spectrophotometer to 
determine adsorption and photocatalytic degradation of the 
dye. 

a) Synthesis of Nanoparticles 
A square like shape was synthesized by using Titanium 
Butoxide as precursor. The molar ratios for the synthesis 
were used from Liao and Liao[24]. SDS was added as 
surfactant with ethanol as solvent. The solvent and precursor 
were mixed. The surfactant was slowly added with water as 
the limiting reagent to start the hydrolisation. The particles
were then dried and calcinated at 600 degrees with an 
overshoot of 800 degrees Celsius. 

b) Characterization of the Nanoparticles 
The shape and size of the nanoparticles was determined by 
SEM photographs from a TECSAN, model VEGA 3 XMU 
from Czech Republic, with 10 micron lens. XRD analysis 
was used to determine the composition of the particles; the 
diffractometer used was the Philips model X’Pert pro MPD, 

at a power of 1.6 kW used at 40 kV; Programmable 
divergence and anti-scatter slits; primary Soller slits: 0.04 
Rad; 2θ range: 4-79.98; step size: 0.017°.  FTIR analysis 
was done to define the adsorption affinity of each dye to 
each of the particles. The FTIR was a Shimadzu IRAffinity-
1S, with a spectral range of 4000-400 cm-1with a resolution 
of 4 cm-1. These experiments were repeated twice for 
accuracy. 

c) Dye adsorption 
The adsorption affinity of the dyes was determined by 
placing 0.05 g of nanoparticles in 100 mL of synthetic 
solution of the specific dye. This solution was then stirred at 
a constant speed in a light proof box for 9 min in the dark to 
determine the adsorption of the dye. Samples were drawn 
after 9 min, centrifuged and tested via a spectrophotometer 
for the determination of dye removal due to adsorption.
These experiments were repeated three times and done in 
duplicate to minimize the errors. 

d) Dye degradation 
The degradation of the dyes were determined in a batch type 
process after exposure for 9 min in the dark to separate the 
adsorption from the degradation process, 90 min of 92.4% 
strength of sunlight like conditions were considered for the 
degradation, with samples taken in specified times of 15 
min, 30 min, 60 min and 90 min. These samples were 
centrifuged and the concentration of the remaining dye was 
determined by a spectrophotometer. The data obtained was 
then interpreted for the kinetic reaction rates for degradation. 
These experiments were repeated three times and done in 
duplicate to minimize the errors. 

e) Isotherm and kinetic models 
The adsorption affinity of the dyes on the nanoparticles was 
determined by the Langmuir and Freundlich isotherms: The 
linear expression of the Langmuir model is as follow[28-31]: 

𝐶𝑒

𝑞𝑒
=

1

𝑞𝑚 𝑘
. +

𝐶𝑒

𝑞𝑚
. (1)

where:𝐶𝑒 is the dyes’ equilibrium constant in (mg/L), 𝑞𝑒  is 
the amount of adsorbed dye at equilibrium in (mg/g), 𝑄0 is a 
Langmuir constant associated with the adsorption capacity 
in (mg/g), 𝑏 is a Langmuir constant associated with the 
energy released during adsorption in (L/mg) 

The linear expression of the Freundlich model is as follow
[29, 30]:

𝑙𝑜𝑔𝑞𝑒 = 𝑙𝑜𝑔𝑘𝐹 +
1

𝑛
𝑙𝑜𝑔𝐶𝑒 (2)

where: 𝑞𝑒 is the concentration of the dye at equilibrium in its 
solid form (mg/g), 𝐶𝑒 is the concentration of the dye at 
equilibrium in the solution (mg/L), 𝑘𝑓 is the adsorption 
capacity measured (mg/g), 𝑛 is the intensity of adsorption

The degradation rate was determined by plotting the amount 
degraded over time. The optimum amount degraded per hour 
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was considered to determinethe state of nanoparticle the 
most suitable. 

3. Results and discussion 

Characterization of nanoparticles 

From SEM imaging it was found (Fig. 1(a)) that the 
commercial TiO2 was homogeneous in shape and size.  The 
smaller size of the nanoparticle creates a larger surface area 
onto which the dyes can adsorb and react. 

Figure 1: SEM images of (a) commercial TiO2 (TiO2), (b) calcinated commercial TiO2 (TiO2-Calc) and (c) square-like shaped 
TiO2 (TiO2-Square)

It was observed (Fig. 1(b)) that the particle size of the 
calcinated TiO2 was much smaller, in this case the 
nanoparticles shrunk a little bit because of the heat of 
calcination.

The synthesized TiO2(Fig. 1(c))exhibited an heterogeneous 
shape and size; although the square like shape containing 
some few nanorods was observed, the cubic like shape was 
the most dominant. The FTIR analysis of pristine and dye 
loaded nanoparticles exhibited diverse spectra shown in Fig. 
2(a), (b) and (c).
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Figure 2: FTIR spectra of (a) pristine TiO2 (black) and loaded with MB(green) and MO(red), (b), TiO2-Square (red) and 
TiO2-Square loaded with CR (green), MO (grey) and MB(blue), and (c) TiO2-Calc (grey) and TiO2-Calc loaded with 

MB(green), CR (red) and MO (blue)

The FTIR analysis showstwo distinctive areas on each 
particle, which can be responsible of the adsorption taking
place. From the figures it can be seen that the MB has more 
affinity to adsorbents than MO or CR. This can be ascribed 
to the electrostatic reaction between the charge of the 
different dyes and the nanoparticles. Methylene Blue is 
cationic in nature and can thus be easily adsorbed since the 
electrostatic interaction is more favourable, while MO and 
CR are anionic dyes, which adsorbs less to the net 
negatively charged nanoparticles because of less favourable 
electrostatic interaction.

The Square like shape has peak (Fig. 2(b)) where it adsorbs 
all different dyes between 1000 and 1200 cm-1.This peak 
defined the tertiary amine groups that can be considered as 
binding groups, from the structures of the dyes this is a 
possible adsorption site. The TiO2-square nanoparticle 
loaded with MB does not exhibit a peak in this region, while 
the nanoparticle loaded with other dyes and the pristine 
nanoparticle showed two peaks in the region 980 – 1160 cm-

1 due to the C – C and C – O symmetric stretching; the lack 
of peak in that region after exposure to MB clearly translate 
into the adsorption affinity for MBwhich is more favourable 
than the anionic dyes; this is further confirmed by the 
pronounced intensity of the peak at 2300 cm-1on the 
spectrum of MB loaded nanoparticle, this peak is 
characteristic of the CN stretch group from the dyes.
Thecontrol and the loadedcalcinated commercial 
nanoparticle (Fig. 2(c))exhibited peaksbetween 1640 and 
1700 cm-1as well as between 2000 and 2400 cm-1. The 
particularity of the TiO2-Calc loaded with MB was again 
observed as it spectrum exhibited a unique peak at 1600 cm-
1 indicating the C=C aromatic group deriving from the 
structure of MB. For the commercial TiO2(Fig. 2(a)) a shift 
of peak between 1640 and 1700 cm-1was likely due to the 
adsorption of MB. 

XRD analysis of the nanoparticles allowed to obtain the 
following results (Fig. 3(a), (b) and (c). 
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Figure 3: XRD results of (a) TiO2, (b) TiO2-Calc and (c) TiO2-Square

The XRD results exhibit the peaks representing anatase, 
rhutile and or brookitephases in the nanoparticles, the 
calcination improved the amount of rhutile phase in the 
particles. Anatase phase are more reactive photo-chemically 
and are thus favourable for photocatalytic degradation. 
Rhutile phase have a larger eV gap than anatase phase and 
are suitable for water splitting. The mixing of phases were 
found to be more photocatalytic favourable than anatase 
phase with 0.14 eV electron gap higher than the anatase 
phase [27].

Anatase and brookite are meta stable while rhutile is very 
thermodynamically stable and can be reached by high 
heat[32]. The results in Table 1 depict the percentage of the 
phases present in the particles.

Table 1: Percentage of Phases present in nanoparticles
Particles Anatase Rhutile Brookite TiO2

Commercial 99.23 0.11 0.65 0
Calcinated 89.81 9.60 0.59 0
Square like 13.78 68.81 1.51 15.90

From Table 1 it is observed that the square like particle has 

more rhutile phase, while the commercial and the calcinated 
commercial are dominantly anatase phase. It is also seen that 
calcination improves the amount of rhutile phase from the 
commercial particles. A mixture of phases is likely to induce 
more photocatalytic degradation, however the photo-
catalytic favourable anatase phase was found to be most 
effective.

4. Adsorption behaviour of nanoparticles 
The data were analysed using the Langmuir and Freundlich 
isotherm models to determine the adsorption behavior of the 
nanoparticles during the removal of dyes. The results show 
that the adsorption of MB by the commercial TiO2could be 
expressed better by the Freundlich isotherm model, while 
the Langmuir model did not fit the adsorption equilibrium 
data from any of the nanoparticles used. The linearized plot 
of log(qe) and log (Ce) for the adsorption of MB by the 
nanoparticles is shown in Fig. 4(a) and (b); the values of R2

and Freundlich constants Kf and 1/n calculated from the 
intercept and slope of the plot are shown in Table 2.

 

 
Figure 4: Freundlich isotherm data of adsorption equilibrium plot of (a) TiO2 (A) and (b) TiO2-SDS for the removal of MB 

Dye

From Fig. 4(a) and (b), it can be observed that both TiO2 and 
TiO2-SDS plots have a positive slope for the Freundlich 

model, but only the first has an R2value closer to unity, 
therefore implying a better fit. The slope and intercept of the 
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line with the y-axis were used to calculate the Freundlich 
isotherm parameters of the models. The calculated
parameters are tabulatedin Table 2: 

Table 2: Freundlich isotherm model data 
Nanoparticle Parameters MB MO CR

TiO2

R 2 0,9923 0,7556 0,6841
1/n 0,8826 1,3286 0,9962
Kf 0,3922 0,0221 0,1653

TiO2-SDS
R 2

NF NF
0,8039

1/n 1,289
Kf 0,091

TiO2-Calc
R 2

NF
0,6420 0,6949

1/n 1,8760 0,9701
Kf 0,2280 0,2627

TiO2-Square
R 2

NF
0,5005 0,7780

1/n 1,3186 1,0330
Kf 0,0215 0,2978

NF: No fit 
 

5. Degradation behaviour of nanoparticles 

By plotting the amount of dye degraded against time, it was 
possible to determine the rate of degradation of dyes by the 
nanoparticles. The optimum time for the degradation was 
therefore determined from the graph. This allowed to plot 
the graphs of the degradation of 5 mg/L of dyes by the 
nanoparticles of different shapes.

Based on the Fig. 5(a), (b) and (c), MB is most susceptible 
to degradation when compared to the other dyes because of 
its natural loading onto the nanoparticles prior to the 
photocatalytic degradation process. 

Figure 5: Amount of degradation graphs per amount of time for (a) CR, (b) MO and (c) MB

The figuresshow that MB is more likely to degrade, while 
lower degradation capacity was recorded forMO and CRdue 
totheir charge and the poor electrostatic interaction between 
the dyes and the nanoparticles.

The degradation rates of the nanoparticles atvarious
concentrations of the dyes tested are shown in Table 3.

Table 3: Maximum degradation rate of dyes in the presence 
of nanoparticles 

Nanoparticle Degradation rate (mg/g/h)
Methylene Blue Methyl Orange Congo Red

TiO2 11.526 4.906 7.624
TiO2-SDS 20.346 3.506 6.134
TiO2-Calc 8.614 2.564 5.784

TiO2-Square 9.578 2.356 7.688
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As shown onFig. 5(a), (b) and (c),the adsorption affinity of 
the dye was the main factor that influenced the overall 
performance of the nanoparticles. Higher loading of dyes 
onto nanoparticles which results from adsorption, enhances 
the degradation capacity. Table 2 shows that the TiO2-SDS 
which exhibited better adsorption of MB was also the most 
effective nanoparticle during the degradation of MB; 
furthermore, the maximum degradation recorded by all the 
nanoparticles is achieved during the removal of MB. It can 
also be observed that to a certain extent, the performance of 
the nanoparticle is influenced by the nature of the dye as the 
TiO2-square performs better than the other nanoparticles 
during the degradation of CR.The commercial nanoparticle 
comparatively exhibits better degradation rate. It is however 
logical for the TiO2 to exhibit better performance overall, 
due to larger surface area exhibited by itssmaller particle 
size as well as the dominance of the most photocatalytic 
favourable phase in the nanoparticle, namely anatase phase.

6. Conclusion 

The amount of dye degraded is influenced by the size and 
type of phase of the particle, the anatase phase also reported 
as favourable for photocatalytic degradation, was found to 
enhance the degradation of the dyes. The large surface area 
exhibited by smaller particle size was also found to be 
determinant for the photocatalytic degradation. The effect of 
particle’s size and phase was evidenced as the commercial 
TiO2nanoparticle was the most effective in the degradation 
of the dyes. It was found that the dye affinity during
adsorption also had a distinct effect on the overall 
performance as MB, which was effectively adsorbed, and 
could also be easily degraded than the other dyes. The
overall best performance amongst all the nanoparticles was 
achieved by the commercial TiO2 without any additives or 
calcination, this is likely due to its small size, the dominance 
ofanatase phase, which is meta stable, and can react better 
than the rhutile phase. Small particle size has larger surface 
area, which is crucial for the adsorption step that enhances 
the degradation rate. The additive SDS has the potential to
improve adsorption, but only at high concentrations of 
cationic dyes. Thus for overall good performance the 
commercial TiO2 nanoparticle should be considered.
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