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Abstract 

One-pot hydrothermal treatment using ethylene glycol (EG) at 180 °C for 12 h has been confirmed to 

effectively generate titanium dioxide urchin-like nanoparticles. X-Ray diffractometry (XRD), Field emission 

scanning electron microscopy (FE-SEM), and Fourier transform infrared spectroscopy (FT-IR) were applied to 

characterize the structure and morphology of the as-prepared titanium dioxide after calcination at different 

temperatures for 2 h. According to XRD analysis, the synthesized calcined titanium dioxide has average 

crystallite sizes between 13.4 and 17.7 nm. The photocatalytic behavior of the prepared titanium dioxide 

nanoparticles was examined utilizing methylene blue dye. The process of photodegradation is performed under 

different experimental parameters such as the influence of contact time, initial dye concentration, photocatalyst 

dose and temperature. The MB photodegradation kinetics was found to follow the pseudo-first-order model with 

R
2
 > 0.99. Thermodynamic parameters for the photodegradation system showed that the photodegradation 

process is spontaneous, endothermic and favorable at high temperatures. 

 

Keywords: Hydrothermal method, Titanium dioxide Nanoparticles, Photodegradation process, kinetics, 

Methylene blue dye (MB). 

 

1. Introduction 
The acceleration of industrialization has led to a 

significant increase in the severity of water pollution, 

resulting in adverse impacts on the environment. As 

per recent reports, a significant proportion of 

industries release approximately 70% of their waste 

materials into water bodies without undergoing any 

form of treatment or refinement [1]. The critical 

issue of solving water pollution through cost-

effective, energy-efficient, and high-performance 

methods requires immediate attention. The 

elimination of organic pollutants is of considerable 

importance in the realm of water conservation. Solar 

energy is widely regarded as a highly desirable 

source of green and clean energy for human use due 

to its inexhaustible nature, safety, and reliability [2]. 

So far, traditional techniques have been employed to 

deal with these issues, such as flocculation-

condensation [3], oxidation or ozonation [4], 

membrane separation [5], adsorption [6], and reverse 

osmosis [7]. However, these techniques cannot 

completely remove or seriously eliminate organic 

pollutants in the water. Dye is a common industrial 

organic contaminant. Methylene blue (MB), a 

cationic dye, is widely used in industry and 

medicine. MB effluent has various health risks and 

affects the ecosystem [8]. 

 In recent years, an attractive method for 

water purification has been the efficient development 

of photocatalytic degradation of organic dyes in 

wastewater by catalysts. At the catalyst's surface, a 

heterogeneous reaction known as the photocatalytic 

reaction occurs. Through a variety of methods, 

including excitation, redox reactions, and 

recombination, it is to accelerate the reduction of 

light energy into chemical energy. This reaction also 

aims to create a potential equilibrium between the 

catalyst's Fermi level of energy and the surface 

adsorbents [9-12]. Photocatalytic degradation of dyes 

into non-toxic products such as CO2 and H2O is a 

green method owing to the non-use of polluting 

substances. Titanium dioxide (TiO2) is utilized in 

photocatalysis, adsorption [13], dye-sensitized solar 

cells [14], batteries [15], gas sensing [16], and cancer 

treatment [17]. Titanium dioxide (TiO2) is a 

significant semiconductor material of transition 

metal oxide with a direct band gap of approximately 

3.2 eV. At UV light irradiation, TiO2 undergoes 

excitation, in which electrons are promoted from the 

valence band to the conduction band, leading to the 

formation of electron-hole pairs. The activation of 

surrounding chemical species is facilitated by the 

formation of electron-hole pairs, which then induce 

chemical reactions [18,19]. However, TiO2 exhibits 

certain constraints, primarily attributable to the rapid 

recombination of (e
-
/h

+
) pairs produced and a limited 

spectrum of absorbed wavelength [20]. Enhancing 

the performance of charge separation requires a 

systematic approach to the structural design of the 

photocatalyst. Compared to TiO2 with unmodified 

morphology, TiO2 with different dimensionalities, 

including nanospheres (0D) [21], nanotubes (1D) 

[22], and nanosheets (2D) [23], have demonstrated 

enhanced photocatalytic efficacy. There are various 

advantages to using three-dimensional (3D) TiO2 

structures over low-dimensional structures, such as 

sea urchin- and nanoflower-like morphologies. High 

specific surface area, low aggregation, and simple 

separation of particles from solutions are a few of 

these benefits [24,25]. Typically, a greater specific 

surface area facilitates the creation and transmission 

of photocarriers, as well as the adherence of reactants 

to the surface, while concurrently enhancing the sol-

gel, hydrothermal, and solvothermal processes have 
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all been used for the synthesis of TiO2 materials 

[26,27].The hydrothermal method is a frequently 

used technique due to its ability to regulate the 

formation of nanostructures through the influence of 

reaction temperature and time, active fill level in the 

pressure vessel, or solvent used for the reaction. The 

use of structure-directing agents or templates is not 

necessary with this technique [28,29]. So, using a 

simple EG-assisted hydrothermal technique, 3D sea 

urchin-like TiO2 structures were achieved in this 

research. Systematically examining the role of 

calcination temperature on the character of sea 

urchin-like shapes. Additionally, its experimental 

photocatalytic activity was evaluated for methylene 

blue (MB) aqueous solution degradation. Based on 

the effects of several elements such as contact time, 

dye concentration, and photocatalyst dose on 

photocatalytic degradation, process optimization is 

examined. 

 

2. Experimental Methods 

2.1 Materials 

Tetrabutyl Orthtitanate (TBOT), hydroxide 

of sodium (NaOH), ethane-1,2-diol (EG), 

hydrochloric acid (HCl), and methylene blue (MB) 

were purchased from Sigma-Aldrich. The studies 

were done with deionized water. The chemicals used 

in the experiment were all analytical grades and used 

without further purification. The structure of 

Methylene Blue (MB) dye is shown in Fig.1. 

 

 

 

 

Fig. 1 
Structure 

of MB dye. 

 

2.2 Fabrication of titanium dioxide (TiO2) 

nanoparticles via the hydrothermal method 

Ethylene glycol-assisted hydrothermal 

treatment with TBOT as a titanium source produced 

3D sea urchin-like TiO2 structures. 20 ml of 1 M 

NaOH aqueous solution and 0.35 ml of TBOT are 

typically combined and stirred. Ultrasonically 

sonicating the solution for 5 min released more 

TBOT. After that, 40 ml of EG was added to the 

mixture, and it was thoroughly stirred. The Teflon-

lined hydrothermal reaction vessel heated the white 

solution for 12 h at 180 °C. The white precipitates 

that formed when the vessel cooled down were 

recovered by centrifugation and repeatedly washed 

with 0.1 M HCl and deionized water until the 

supernatant's pH was ~7. To facilitate the 

crystallization of TiO2, the samples that were 

collected were dried out over 12 h at 50 °C and then 

calcined for 2 h in the air at various temperatures. 

The samples that were created have the following 

terms: T-350 and T-550 which indicate sea urchin-

like TiO2 calcined at 350 and 550 °C, respectively. 

2.3 Photodegradation studies 

The nanoparticles were tested for UV light-

induced photocatalytic decomposition of MB 

solution. Photocatalysts were dissolved in a water 

solution of MB (20 mg/L) at an amount of 5 mg per 

50 mL. The mixture was magnetically stirred (at a 

speed of around 400 rpm) in the dark for 45 min to 

get about the adsorption-desorption balance before 

UV light treatment. MB's photocatalytic 

decomposition started by exposing the reaction 

solution using a commercial 60W xenon lamp (λ 

max = 365 nm). Using a Jasco-670 UV-visible 

spectrophotometer calibrated at 664 nm, the amount 

absorbed by a catalyst-free treatment dye solution 

was determined, and it was examined with the 

maximum MB absorbance. Different photocatalytic 

conditions, including contact time, initiating 

concentrations, photocatalyst dosage, and 

temperatures, were examined to improve 

comprehension of the resulting nanoparticles' 

catalytic activity. The titanium dioxide 

photocatalyst's catalytic activity was carried out 

under the same conditions by adding 0.05 g of 

graphene to TiO2 after calcination. For all samples, 

the efficiency of photocatalytic decomposition (DE) 

was calculated via the equation, % MB 

decomposition = [(C0 – Ct) ×100%]/C0, where C0 is 

the beginning amount of the MB (mg L
-1

) at zero 

time, and Ct is MB amount at a given time (mg L
-1

). 

The durability of TiO2 calcined at various 

temperatures was examined for MB decomposition 

across a five-cycle period. In the creation of the 

cycle decline, TiO2 calcined at different temperatures 

was obtained and purified. The material was 

produced and dried at 60 °C for 12 h. Determining 

solution dye concentrations used the MB dye's 

distinguished absorption at 664 nm. 

 

3. Results and discussion 

3.1. X-ray studies 

The XRD pattern was investigated using 

Cu- Kα irradiation source (λ = 1.5406Å) for powder 

X-ray diffraction (XRD) using 18 KW Bruker model 

D8 Advance diffractometer. Fig. 2 reveals the 

crystallinity and geometry of the calcined titanium 

dioxide (T-350 and T-550 samples). NPs at 2θ values 

of 25.06°, 37.54°,48.30°, 54.89°, and 62.59°, which 

correspond to the (101), (004), (200), (211), and 

(200) crystal planes, respectively, in agreement with 

JCPDS-00-001-0562. The average crystallite sizes of 

the calcined TiO2 sample were calculated using the 

Debye-Scherer formula [30] (equation 1). 

                    D=0.9λ/βcos θ         (1) 

Where λ is the wavelength of X-ray, β is the full 

width at half-maximum and θ is the angle of 

diffraction. For T-350 and T-550, the average 

titanium dioxide crystallite size (D) is found to be 

13.4 nm and 17.7 nm, respectively.  

3.2. FT-IR studies 
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In fig. 3(a-b) displays the functional groups 

of the calcined titanium dioxide (T-350 and T-550 

samples) using Fourier transform infrared (FI-IR). 

The spectrum shows several peaks at 3405.06, 

2924.01, 3260.35, 1618.36, and 463.73 cm
 -1

.  

Hydroxyl group (Ti-OH) stretching vibrations are 

asymmetrical and symmetrical at 3405.06 and 

3260.35 cm
– 1

. Weak bands at 2924.01 cm
-1

 could be 

due to the characteristic frequencies of organic 

residues that were not all washed away by ethanol 

and purified water. These frequencies could be 

identified as C-H vibrations that stretch alkane 

groups.  At 1618.36 and 463.73 cm
-1

,
 
respectively, 

the Ti-O bending mode and the deformative 

vibration of the Ti-OH stretching mode may be seen. 

At 1618.36 cm 
- 1

 shows that the sample contains 

moisture. The impacts from the anatase titania are 

visible in the peaks at 463.73 and 438.86 cm
-1

 for 

pure TiO2. 

3.3. Morphological studies  
Fig. 4(a-b) exhibits the morphology of the 

calcined titanium dioxide (T-350 and T-550 samples) 

under a field emission scanning electron microscope 

(FE-SEM). Sea urchin-like structures were produced 

by 3D micro-sized TiO2 that had spindle-like 

structures protruding from a central core. It is also 

possible to create two- and one-dimensional (2D) 

materials using hydrothermal processes [23,31,32]. 

T-350 shown in Figs. 4a exhibited sea urchin-like 

structures with pointed spindles. However, molten 

aggregates were obtained for T-550 as in Fig. 4b. 

Thus, the temperature of the calcination process can 

change the morphology of TiO2, leading to 

significant deformation. The EDX results (Fig. 4c) 

confirmed the purity of the samples through the 

detection of Ti and O elements. 

4. Photocatalytic performance 

The effect of heat treatment of the catalyst 

was studied for samples treated at 350
o
C and 550

o
C. 

Fig. 5. shows that the photocatalytic decomposition 

followed the order; T-350 > T-550, and the MB 

removals reached up to 81.42 and 69.68%, 

respectively, after 270 min. Graphene (0.05 g) was 

utilized to inhibit the electron/hole pair 

recombination [20]. As demonstrated in Fig. 6, the 

degradation rate of MB dye over TiO2 calcined at 

different temperatures was greatly enhanced by 

adding graphene; not only was the time of 

degradation decreased from 270 min to 90 min, but 

also the photocatalytic activity was greatly increased 

to 95.84 and 86.9%, respectively. This could be 

because graphene plays the role of an electron 

acceptor that accelerates the interfacial electron-

transfer process from photocatalyst materials, which 

strongly hinders the recombination of charge carriers 

and thus improves photocatalytic activity. The 

procedure of putting photoactive spots on its surface 

is made easier by the dispersion of the oxygenated 

functional groups on its surface [33]. Graphene Can 

provide very high mobility to the photogenerated 

electrons and reduce e
−
/h

+
 recombination [34].  

 

4.1 The Influence of contact time 

The effect of contact time of the as-prepared 

photocatalysts (T-350 and T-550) over the MB dye's 

decomposition under UV light was investigated at 

PH (7.0 ± 0.1),0.005 g photocatalyst dose and an 

initial MB dye concentration of 15 mg/L. Fig. 7 

illustrates the time-dependent decomposition of MB 

when exposed to UV light when catalysts are present 

(T-350 and T-550) with uniform irradiation over 

time. The rate of uptake was rapid in the beginning 

and gradually became in the later stages until 

saturation state, as shown in Fig. 7. As seen after 270 

min irradiation, MB solution decomposition over T-

350 and T-550 reached 81.92 and 71.12%, 

respectively. The results show that when exposure 

time increased, MB's breakdown increased as well. 

 

 

 

 

 

 

 

 

Fig. (2) XRD patterns of calcined TiO2 (T-350 and 

T-550 samples) 

 

 

Fig. 3(a) FT-IR spectra of titanium dioxide calcined 

at 350 ºC (T-350 sample)
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Fig. 3(b) FT-IR spectra of titanium dioxide calcined at 550 ºC (T-550 sample)  

 

 

 

Fig. 4(a) FE-SEM micrograph of titanium 

dioxide calcined at 350 ºC (T-350 sample) 

 

 

 

Fig. 4(b) FE-SEM micrograph of titanium 

dioxide calcined at 550 ºC (T-550 sample) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4(c) EDX result of titanium dioxide sample. 
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4.2 The influence of initial dye concentration 

One of the most critical parameters that 

affect the photodegradation process is the beginning 

dye concentration. The impact of various initial 

concentrations of MB dye (10, 15, and 20 mg/L) was 

studied on T-350 and T-550 photocatalysts, which 

were added to 50 mL of MB dye solutions. Fig. 8(ii), 

indicates that the lower concentrations of MB 

solutions have higher degradation rates. In Fig 8(ii) 

after 270 min of irradiation time, the degradation 

efficiency of 10 ppm over T-350 and T-550 reached 

84.75 and 76.77%, respectively; 15 ppm MB over T-

350 and T-550 reached 81.92 and 71.12%, 

respectively; and 20 ppm MB over T-350 and T-550 

reached 80.16 and 69.68%, respectively. The cause 

of this could be that as MB concentration increases, 

the molecules can absorb light and decrease light 

transmission to the catalyst surface, making it 

difficult for the catalysts to absorb light energy. 

Additionally, excessive MB molecules will adhere to 

the catalyst surface, inhibiting the reaction of other 

substrates like H2O2, OH
-
, and H2O with the catalyst 

and the production of highly reactive radicals [35]. 

4.3 The influence of the photocatalyst dose 

The photodegradation efficiency of MB 

over T-350 and T-550 photocatalysts is affected by 

variations of catalyst loadings. Accordingly, three 

different loadings (0.005, 0.01 and 0.02 g) of T-350 

and T-550 photocatalysts were added to 50 mL of 

MB dye solutions and examined. The results are 

shown in Fig. 9(i-ii). Where the degradation 

performance is directly proportional to loading 

percent, reaching up to (89.60 and 84.53 %, 

respectively) for (T-350 and T-550) dye removal at 

0.02 g within 270 min, reaching up to (88.05 and 

81.62 %, respectively) for (T-350 and T-550) dye 

removal at 0.01 g within 270 min and reaching up to 

(84.75 and 76.17 %, respectively) for (T-350 and T-

550) dye removal at 0.005 g within 270 min. The 

efficiency of photogeneration of electrons and holes 

was higher, which contributed to the increase in the 

contact area between solid and liquid. All these 

factors were advantageous in accelerating the 

reaction. This could be explained by the fact that as 

the dosage of photocatalyst was increased, more and 

more active sites were found on the photocatalyst 

surface [36]. 

 

4.4 The influence of the temperature 

The temperature factor plays an important 

role and can affect the rate of photodegradation 

process. The photodegradation studies were 

performed at three different temperatures (294, 297 

and 300 K) separately for MB dye removal using 

0.005 g of T-350 and T-550 photocatalysts and a dye 

concentration of 15 mg/L in all samples. The 

experimental results showed that the removal 

percentage increased slowly with an increase in the 

solution temperature for MB dye, as shown in Fig. 

10(i-ii). Over the examined temperature range, we 

concluded that with the increasing temperature of the 

dye solution, the removal percentage of the MB dye 

over the fabricated samples increased. The maximum 

removal efficiencies were obtained at a temperature 

of 300 K, which were 81.92 and 71.12%, 

respectively, for T-350 and T-550. One explanation 

for this is as follows: A higher temperature increases 

the thermal energy of molecules. Although there is 

an increased probability of collisions at higher 

temperatures, this alone accounts for a very small 

portion of the increase in reaction rate, and there are 

significantly more reactant molecules with enough 

energy to do so [37]. Additionally, this shows that 

the MB dye's photodegradation on the ready 

photocatalysts is an endothermic process. The 

findings indicate that a decreasing boundary layer 

thickness and an increase in temperature are 

occurring around the sorbent. As a result, the 

adsorbate's mass transfer resistance in the boundary 

layer decreased. This might have been brought on by 

the dye's increased mobility because of the 

temperature's higher kinetic energy. As a result, the 

dye photodegradation changed linearly with rising 

temperature. 

4.5 Studies of photocatalyst recycling. 

Under optimal conditions, recycling tests 

occurred to inquire into the recycling and 

photocatalytic stability of TiO2 nanoparticles. 

Following the initial stage of the decomposition 

reaction cycle, the TiO2 nanoparticles were extracted 

from the aqueous solution through the process of 

centrifugation, after which the treated wastewater 

was subsequently discharged. Subsequently, the 

photocatalyst that was separated was used again 

without undergoing any form of processing. The 

utilization of the photocatalytic process for the 

degradation of organic pollutants offers several 

benefits, including the ability to undergo several 

working cycles, thereby ensuring cost-effectiveness 

and sustained photocatalytic activity. Additionally, 

this process facilitates easy separation from the 

aqueous solution and enables the possibility of reuse. 

To evaluate the reuse of the photocatalysts, 1 g/L of 

TiO2 calcined at different temperatures was added to 

10 mg/L MB in 50 ml of aqueous solution and 

exposed to UV light for five consecutive cycles. 

After 5 cycles, the removal percent decreased with 

increasing cycle times for TiO2, as shown in Fig. 11. 

The results have demonstrated that TiO2 calcines at 

different temperatures. Photocatalysts offer great 

potential for photocatalytic activity with a highly 

efficient degradation rate and are stable and reusable 

after several treatment cycles, with a lower number 

of possible recycling cycles. 
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Fig. (6) illustrates the variation of Ct/ C0 of MB as a 

time function in the present of graphene: T-350 and T-

550 samples. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 8(ii) Influence of the initial dye concentration on 

 the elimination of MB dye over T-550 sample 

 

Fig. (5) illustrates the variation of Ct/ C0 of MB as a 

time function in the absence of graphene: T-350 and 

T-550 samples. 

 

Fig. (7) Influence of contact time on the elimination 

of MB dye over T-350 and T-550 samples under UV 

light. 

 

 

Fig. 8(i) Influence of the initial dye concentration on 

the elimination of MB dye over T-350 sample 
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Fig. (9) Influence of photocatalyst dose on the elimination of MB dye over: (i)T-350 and (ii)T-550 

samples. 

 

Fig. (10) Influence of temperature on the elimination of MB dye using: (i)T-350 and (ii)T-550 samples. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (11) The recycling for the photodecomposition of MB dye using TiO2 nanoparticles calcined at 

different temperatures (T-350 and T-550 samples).

5. kinetic studies 

The photodegradation kinetic models were 

examined by studying the effect of contact time on 

the separation of MB dye over TiO2 photocatalyst. 

Kinetic factors of the removal MB dye on TiO2 nano 

photocatalyst were estimated using pseudo-first -

order equation (plot ln (Ct/C0) against t) [38] and 

pseudo-second-order equation (plot (1/Ct)- (1/C0) 

versus time t) [39] as represented in equations No. 2 

and 3. Fig. 12 (i-ii) shows the kinetic studies for 

degradation MB over T-350 and T-550 

photocatalysts. 
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where C0 is the initial concentration of MB (mg L
-1

), 

and Ct is the concentration of MB at time, t (mg L
-1

), 

respectively, t (min) is contact time, and k1 is a 

pseudo-first-order rate constant (min
-1

) and k2 (min
-1

 

mmol
-1

) is a pseudo- second-order rate constant. 

From Table. 1 and depending on the R
2
 values, the 

pseudo-first-order model is better fitting than the 

pseudo-second order for the removal of the MB dye 

over TiO2 nanoparticles calcined at different 

temperatures. So, we can say that the removal of MB 

dye over TiO2 follows the pseudo-first-order model. 

 

 

 

Fig. (12) Pseudo-first-order (i) and pseudo-second- 

order (ii) models for the removal of MB dye on TiO2 

nanoparticles calcined at different temperatures (T-

350 and T-550 samples). 

 

 

Table (1) Kinetic parameters for the 

photodecomposition of MB dye on TiO2 

photocatalyst 

 

6. Thermodynamic studies 
The reaction rate constant and removal 

efficiency of MB dye increase with increasing the 

reaction temperature for T-350 and T-550 for the 

photocatalytic degradation. The activation energy, 

which is a minimum energy needed for the reaction 

to occur, can be expressed by the Arrhenius equation 

[40]: 

       
   
  

                            ( ) 

where      is the apparent rate constant for 

the first-order reaction (min
-1

), A is the frequency 

factor (min
-1

),    is the activation energy (kJ mol
-1

) 

R is the ideal gas constant which is equal to 8.314 J 

K
-1

 mol
-1

 and T is the temperature (K). The 

equation's logarithm in linear form No. 4 can be 

written as: 

           
  
  
             ( ) 

The equation demonstrates the effect of a change in 

temperature on the rate constant. The calculated     
obtained for the photodegradation of MB dye by T-

350 and T-550 is presented in Table. 2(i-ii). 

According to transition state theory (TST), the Henry 

Eyring equation No. 6 can be used to conclude the 

temperature confidence on the apparent rate constant 

[37]: 

     
   

 
   (

    

  
)        ( ) 

                         

Where KB is the Boltzmann's constant which is equal 

to 1.3805×10-23 J K
-1

, h is Planck's constant which 

is equal to 6.6261×10-34 J s and     is the normal 

Gibbs free energy transfer of activation (kJ mol
-1

). In 

the thermodynamic property of TST, the standard 

enthalpy changes of activation (   ) and the 

standard entropy change of activation (   ) are 

brought together with the change in the normal 

Gibbs free energy transfer of activation equation as 

follows in Eq (7): 

                        ( ) 
By substituting of Eq (7) Eq (6), the linear form of 

Eyring's equation can be expressed as follows (8): 

  (
    

 
)  

    

  
 (  

  
 
 
   

 
)     ( ) 

The following expressions give an additional method 

of estimating it is possible to calculate the activation 

energy [41]: 

     
                     ( ) 

Therefore, a plot of dimensionless values of ln       

/KBT) against 1/T provides a straight line and     

and ∆S° are obtained from the slope and the 

intercept, respectively. The following expressions 

give an additional method of estimating the 

frequency factor and activation energy that can be 

computed [37]: 

  
   

 
   (

   

 
)               (  ) 

Fig. 14(i-ii) shows the Eyring plot of degradation of 

MB over T-350 and T-550 at different temperatures 
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and Table. 2(i-ii) provides the results of the 

computations of Arrhenius and TST theories for 

photocatalytic degradation of MB over T-350 and T-

550. According to Table. 2(i-ii), the values of both 

ΔH° and ∆S° were found to be positive, while that of 

ΔG° was negative. The increasing value of      and 

the positive values of     with increasing 

temperature prove that the photocatalytic degradation 

of MB using T-350 and T-550 was an endothermic 

process The endothermic nature of the photocatalytic 

process is possibly due to the electrostatic interaction 

between the hydrophobic character of TiO2 on the 

photocatalyst surface and organic pollutants. The 

hydrophobic surface property of TiO2 photocatalyst 

favors the adsorption of organic pollutants onto 

charged TiO2 surfaces to achieve efficient 

photocatalytic degradation and decreases 

agglomerations of nanoparticles [37]. The positive 

ΔS° value showed a high tendency to adsorb MB to 

the catalyst and therefore a high degradation 

efficiency. The change of entropy (   ) reflects 

essentially the variation in the disorder of a system 

(on a macroscopic level) along a process. A higher 

level of variations at the connection between the 

solid and the solution, which may potentially involve 

some modifications to the structure of the sorbent 

and sorbate, is indicated by a positive value for this 

parameter. Moreover,     > 0 indicates the degree of 

freedom of the species absorbed increased [42]. 

Finally, a negative side of ΔG° demonstrated the 

feasibility and automatic nature of the process, in 

which the system would go in the direction of 

producing reactants (a spontaneous process) [43]. 

Additionally, as the temperature increased, the G° 

values reduced, indicating that higher temperatures 

are slightly more favorable for the photocatalytic 

decomposition of MB dye. 

 

Table 2(i) Thermodynamic parameters for the photodegradation of the MB dye using T-350 

photocatalyst at different temperatures. 

 

T, K 

     

(min
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) 

Arrhenius theory Transition state theory (TST) 

   
(KJ/mole) 

R
2
 

    

(KJ/mole) 

    

(KJ/K 

mole) 

    

(KJ/mole) 

   
(KJ/mole) 

R
2
 

294 0.006120743 29.626 0.9994 27.12 0.10 -3.32 29.63 0.98 

297 0.007024683 -3.744 29.66 

300 0.007964949 -4.01 29.69 

 

Table 2(ii) Thermodynamic parameters for the photodegradation of the MB dye using T-550 

photocatalyst at different temperatures. 

 

T, K 

     

(min
 -1

) 

Arrhenius theory Transition state theory (TST) 

   
(KJ/mole) 

R
2
 

    

(KJ/mole) 

    

(KJ/K 

mole) 
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(KJ/mole) 

R
2
 

294 0.00311 32.65 0.9942 30.13 0.11 -1.36 32.57 0.999 

297 0.004230533 -1.70 32.61 

300 0.005168624 -2.44 32.65 

 

 

 

Fig.(13) The Arrhenius plot for calculating activation energy for the photodegradation of the MB dye using: 

(i)T-350 and (ii)T-550 samples. 
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Fig. (14) Eyring plot for calculating thermodynamic parameters for the photodegradation of the MB dye using: 

(i)T-350 and (ii)T-550 samples.

7. Conclusion 

In summary, we successfully prepared TiO2 

sea urchin-like structures with pointed spindles 

through a simple, one-step hydrothermal route. The 

synthesized product was characterized using various 

analytical approaches. The generated samples' 

photocatalytic reactions were evaluated using the 

hazardous MB dye under UV irradiation for 270 

min. The T-350 sample shows better catalytic 

performance compared to the T-550 sample, which 

degrades up to 81.42% of MB dye under UV 

irradiation. As proposed from the route 

photocatalytic mechanism, we employed graphene 

(0.05 g) in the reaction system, to achieve further 

photocatalytic performance by enhancing the 

efficient separation and decreasing the electron-hole 

pair recombination rate. The degradation rate of MB 

dye over TiO2 calcined at different temperatures (T-

350 and T-550) was greatly enhanced by adding 

graphene, not only was the time of degradation 

decreased from 270 min to 90 min, but also the 

photocatalytic activity greatly increased to 95.84 and 

86.9%, respectively. Furthermore, the prepared 

catalysts could be easily recovered and recycled up 

to five times with high catalytic activity. The 

photocatalytic properties of the synthesized product 

were investigated by studying different 

photocatalytic conditions such as contact time, initial 

dye concentrations, photocatalyst dosage and 

temperature. The photodegradation data showed that 

the photodegradation fits the pseudo-first-order 

model. Thermodynamic parameters for the 

photodegradation system showed that the 

photodegradation process is spontaneous, 

endothermic and favorable at high temperatures. 
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