
 

 

 

Abstract— Water is an essential part of biological life and can be 

easily contaminated with dyes. As little as 1 ppm of dye can affect 

water aesthetically, and can be harmful to the environment as well as 

humans. Photocatalytic degradation use energy from light to excite 

nanoparticles to degrade dyes and produces less harmful by-products, 

while conventional cleaning methods produce more harmful 

compounds in water. Titanium dioxide is a known compound for 

photocatalytic degradation. In this project, the performance of TiO2 

was evaluated for the photocatalytic degradation under sunlight 

conditions. A cationic, anionic mono-azo and anionic di-azo dye has 

been used to test the photocatalytic degradation. The adsorption 

behaviour and photocatalytic degradation capacity of TiO2 were 

individually assessed using various concentrations of dyes. The 

experiments were done in a lightproof chamber with a 92,4% 

simulation of sunlight. Methylene blue (MB), a cationic dye was 

easily degraded compared to methyl orange (MO) and congo red 

(CR) which are anionic dyes; up to 100% of MB was removed using 

SDS-TiO2. The preceding adsorption onto the catalyst was found to 

promote degradation and fitted the Freundlich isotherm model. The 

smaller particle size and a dominance of anatase phase were also 

conducive for effective removal of most dyes.   

 

Keywords—Photocatalytic degradation, sunlight conditions, 

TiO2, Dyes  

I. INTRODUCTION 

T is known that clean water is becoming more and more 

scarce. It has been reported that dyes are among the main 

pollutants of surface water. There are more than 10000 dyes 

available commercially; they are used in almost every business 

sector around the world [1]. 

Most dyes are not readily biodegradable, can affect water 

aesthetically at as little concentration as 1 ppm [2; 3] and can 

become more harmfull when treated with conventional 

methods [4]. 

Removal of dyes from water is thus a necessity to increase 

safe and clean water, improving quality of all life. Some 

methods proposed for the removal of dyes include adsorption 

and photocatalytic degradation. Adsorption is cheap and easy 

to use, but is not reusable and will contribute to toxic waste. 

Photocatalytic degradation is relatively easy; although it might 

be a bit more expensive than adsorbents, it can be reused and 
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contributes much less to toxic waste than adsorbents [4].  

Photocatalytic degradation has the ability to use energy from 

the sun to degrade dyes in sunlight conditions; this ability 

makes degradation relatively cheap when sunlight can be used 

[5]. Photocatalytic degradation is carried out with various 

forms of particles. Because of its large surface area, 

nanoparticles are the most used and easy to make. The most 

profound compound used is Titanium dioxide, since it is 

relative safe for use as it is a whitening ingredient in 

toothpaste. Other metal oxides used for photocatalytic 

degradation includes ZnO, SnO2 and ZnO3 [6]. For the 

improvement of degradation and recovery, some metal oxides 

are doped with other metals such as; Gold, Silver and Iron. To 

improve safety for human consumption, some of these 

particles are immobilized in a cloth or solid structure [6]. It 

has been found that different shapes can alter the performance 

of the degradation. The synthesis for shape controlled 

nanoparticles has been successful in several cases [8]. The 

different shapes exhibit different affinities to certain dyes and 

to degradation. Calcination and additives can also improve the 

performance of degradation. 

Dyes have different characteristics and affinities. Cationic 

dyes, such as methylene blue, have more affinity to adsorption 

and can thus easily be removed by adsorption [9]. Anionic 

dyes; in which azo dyes are very harmful and can cause 

cancer, have less affinity to adsorption and can thus not be 

easily be removed [2; 3]. 

The purpose of this study was to assess the capability of 

photocatalytic degradation of cationic, anionic mono-azo and 

di-azo dyes in Titanium dioxide in sunlight type conditions. 

The behaviour of degradation and adsorption are assessed by 

the degradation reaction rate and isotherm models.  

II.  METHODOLOGY 

A. 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, Methyl orange and Congo red. 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.  
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B. 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 [10]. 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 [11]. The particles were then 

dried and calcinated at 600 degrees with an overshoot of 800 

degrees Celsius.  

C. 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; 2� 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 equipment used was a Shimadzu IRAffinity-1S, with a 

spectral range of 4000-400 cm
-1 

with a resolution of 4 cm
-1

. 

D. 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 

concentration adsorbed.  

   E. 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.  

F. 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: 

.              (1) 

 

 

 

 

The linear expression of the Freundlich model is as follow: 

             (2) 

 

 

The degradation rate was determined by plotting the amount 

degraded over time. The optimal point was found and a value 

of amount degraded per hour was obtained to find the most 

effective state of the nanoparticle 

III. RESULTS AND DISCUSSION 

E. Characterization of nanoparticle 

From SEM imaging it was found that the commercial TiO2 

was smaller in size.  The size of the nanoparticle creates a 

larger surface area onto which the dyes can adsorb and react.  

 

 
Fig. 1- SEM Image of commercial TiO2 

 
Fig. 2- SEM image of calcinated commercial TiO2 

It was observed (Fig. 2) that the particle size of the 

calcinated TiO2 was much smaller, in this case the particles 

shrunk a little bit because of the heat of calcination.  

 

 
Fig. 3- SEM image of square like shaped TiO2 nanoparticle 

 

where:  is the dyes’ equilibrium constant in (mg/L),  is the amount of 

adsorbed dye at equilibrium in (mg/g),  is a Langmuir constant 

associated with the adsorption capacity in (mg/g),  is a Langmuir 

constant associated with the energy released during adsorption in (L/mg) 

 

where:  is the concentration of the dye at equilibrium in its solid 

form (mg/g),  is the concentration of the dye at equilibrium in the 

solution (mg/L),  is the adsorption capacity measured (mg/g),  is 

the intensity of adsorption 
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It was found that the square like shape had a few nanorods 

as well, but the dominant shape was cubic like.  
 

The following FTIR results were obtained: 

 
Fig. 4- FTIR of commercial TiO2 with adsorption of MB(green) and 

MO(red) 

 

Fig. 5- FTIR of Square like shape with dyes Methylene blue (blue), 

Methyl orange (grey) and Congo red (green) 

 
Fig. 6- FTIR analysis of Calcinated commercial TiO2 with dyes 

Methylene blue (green), Methyl orange (blue) and Congo red (red) 

From FTIR analysis it was found that each particle has two 

distinctive areas where adsorption can take place. From the 

figures shown, the MB has more affinity to adsorption than 

MO or CR. This is due to the fact that MB being positively 

charge can be easily adsorbed onto the catalyst through 

electrostatic reaction, resulting into effective degradation; 

while MO and CR are anionic dyes and which poorly bind to 

the catalyst. 

The Square like shape FTIR spectra showed variation of 

intensity  between 1000 and 1200 cm
-1

 after exposure to MB, 

MO and CR separately. This peak is defined as tertiary amine 

groups. Congo red and methyl orange are adsorbed on the 

calcinated commercial particle between 1640 and 1700 cm
-1

, 

as well as between 2000 and 2400 cm
-1

. The MB adsorption 

onto TiO2 mainly took place between 1640 and 1700 cm
-1

; 

however the drastic change of intensity impacted by the 

binding of MB clearly attests of the affinity of TiO2 for MB.  
   

XRD analysis of the particles were done with the following 

results obtained. 
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Fig. 7- XRD results of Commercial TiO2 
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Fig. 8- XRD results of Calcinated Commercial TiO2 
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Fig. 9- XRD analysis of Square like shaped TiO2 

As can be seen from the XRD, anatase, rhutile and or brookite 

phases are present in the particles, the calcination improved 

the amount of rhutile phase in the particles. Anatase phases are 
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more reactive photo-chemically and are thus favourable for 

photocatalytic degradation. Rhutile phases 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 [11]. 

Anatase and brookite are meta stable while rhutile is very 

thermodynamically stable and can be reached by high heat 

[13]. The results in Table 1 depicts the percentage of the 

phases present in the particles. 
TABLE I 

PERCENATAGE 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 the table 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 should induce more 

photocatalytic degradation, but it is seen for this application 

that the anatase phases, which is photo-catalytic favourable, is 

more effective.  

F. Adsorption behaviour of nanoparticles 

To determine the adsorption behavior of the nanoparticles 

with the dye, the Langmuir and Freundlich isotherm models 

was applied to the data for analysis. It has been found that the 

Freundlich isotherm model fits the adsorption by the 

commercial TiO2 for MB, while the adsorption of dyes by the 

particles did not fit the Langmuir model. In figures 2A and 2B 

show the Freundlich isotherm plot between log(qe) and log 

(Ce) for the different nanoparticles and the dye MB. 

 (A) 

(B) 
Fig. 10-Freundlich isotherm data for MB adsorption by (A) 

commercial TiO2 and (B) Commercial + SDS TiO2  

From the plots, it was found that the adsorption by both 

particles exhibited a positive slope of the Freundlich plot, 

however, only the coefficient of determination (R
2
) for the MB 

adsorption by the commercial TiO2 was close to unity, 

implying there was a best fit in this case. The values obtained 

were calculated from the slope and intercept of the line with 

the y-axis. The following data was obtained from the plots: 
 

TABLE II 

ISOTHERM MODEL DATA 

Model Parameters MB MO CR 

Freundlich 

(TiO2) 
R2 

1/n 

Kf 
 

0,9923 

0,8826 

0,3922 
 

0,7556 

1,3286 

0,0221 
 

0,6841 

0,9962 

0,1653 
 

Freundlich 

(Comm+S

DS) 

R2 

1/n 

Kf 
 

NF NF 

 

 
 

0,8039 

1,289 

0,091 
  

Calcinated R2 

1/n 

Kf 
 

NF 0,6420 

1,876 

0,2280 
 

0,6949 

0,9701 

0,2627 
 

Square like 

shape 
R2 

1/n 

Kf 
 

NF 0,5005 

1,3186 

0,0215 
 

0,7780 

1,033 

0,2978 
 

G. Degradation behaviour of nanoparticles 

The degradation behaviour of the nanoparticles was 

determined by plotting the amount of dye degraded against 

time. From this graph an optimal time of degradation was 

determined. The plots based on these calculations are given for 

the concentration of 5 ppm of the various dyes using the 

different shapes of the nanoparticles. 

 From the graphs it is also clear that MB is likely to degrade 

easily because of its natural loading, while with the other two 

dyes, the nanoparticles don’t perform well under sunlight like 

conditions to degrade the dye.   

 

 (A) 
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(B) 

(C) 
Fig. 11- Remaining Concentration of Methylene blue (A), Methyl 

orange (B) and Congo Red (C) over time 

From the graph its seen that the MB is more susceptible to 

degradation, while the MO and CR are less degraded because 

of the lower binding affinity due to their negative charge.  
 

The degradation behaviour of the nanoparticles for all the 

concentrations of the dyes tested are given in Table 3: 

 
TABLE III 

DEGRADATION RATE PER HOUR OF DYES IN THE PRESENCE OF NANOPARTICLES 

 Degradation rate per 

hour 

Particle Concentration MB MO CR 

Commercial 5ppm 4,431 1,070 1,015 

10ppm 5,359 1,326 2,522 

15ppm 5,763 1,554 1,507 

20ppm 4,630 1,233 3,812 

25ppm 4,707 2,453 1,560 

Commercial 

+SDS 

5ppm 4,469 0,323 0,676 

10ppm 7,826 0,747 1,911 

15ppm 8,995 1,753 1,084 

20ppm 8,397 0,892 3,067 

25ppm 10,173 1,065 1,407 

Commercial 

Calcinated 

5ppm 3,373 0,471 0,564 

10ppm 3,551 0,789 2,178 

15ppm 3,376 1,282 0,981 

20ppm 4,307 0,448 2,892 

25ppm 2,785 0,788 1,815 

Square Like 5ppm 1,103 0,080 0,650 

10ppm 2,000 0,143 1,932 

15ppm 1,509 1,178 1,502 

20ppm 4,789 0,596 3,844 

25ppm 2,652 0,889 2,621 

 

From the graph it can be seen that the overall performance 

of the nanoparticles are dependent on the affinity of the dye in 

terms of adsorption. Adsorption can increase the degradation 

performance of a dye. An interesting observation is that the 

ideal concentration specifically for Congo red is 20 ppm for 

most of the particles. It can be observed in Table 2 that the 

highest degradation per hour is achieved by the commercial 

nanoparticle. This can be explained by the smaller particle size 

as well as the anatase phase of the particle, which is more 

photo-catalytic favorable.  

IV. CONCLUSION 

The size and type of phase of the particle can affect the 

amount of dye degradation, the anatase phase is more 

favourable for photocatalytic degradation, and thus the phase 

of the particle is important [11]. The size of the particle also 

affects the amount of photocatalytic degradation because of a 

larger amount of surface area [12]. The phase and size of the 

particle were found to contribute to the higher performance of 

the commercial TiO2 particle. It was found that the adsorption 

of dye onto the catalyst accelerated the degradation process 

hence MB was easily degraded than the other dyes. The 

Commercial TiO2 without any additives or calcination has 

been found to perform the best overall, this is because of its 

small size as can be seen from the SEM, the dominance of 

anatase phase, which is meta stable and can react better than 

the rhutile phase. The small size gives a larger surface area, 

which improves the reaction rate. The additive SDS can 

improve adsorption, but only in the case of cationic dyes. The 

particle size and the phases involved in the catalyst may 

therefore be considered to improve the photocatalytic 

degradation.  
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