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ABSTRACT: Mesoporous amorphous and nanocrystalline titanium dioxide were prepared  

by simple and environmental friendly modified Sol-Gel method using cationic (C14TAB, C16TAB, 

C18TAB) and nonionic (Plantacare UP K55) surfactant as pore forming agent. The obtained 

particles were characterized by BET, TEM, FT-IR and XRD techniques. The effect of cationic 

surfactant chain length and type of template on the photocatalytic activity of as prepared  

TiO2 nanoparticles were investigated by the degradation of rhodamine B in water solution under  

UV irradiation. The results indicated that this process was well described by the pseudo-first order 

kinetic model. All the prepared titanium dioxide particles with cationic and nonionic surfactant 

exhibited higher performance for rhodamine B photo-degradation. The sample with large pore size 

and small particle size which obtained by using C18TAB surfactant showed high photocatalytic 

activity compared with the others samples and commercial P25. The mechanism of photocatalytic 

degradation of rhodamine B was proposed based on the degradation products determined  

by GC/MS and LC/MS. The performance of the recycled TiO2 as photocatalyst was investigated. 
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INTRODUCTION 

Titanium dioxide is one of the most important 

nanomaterials which have been used in the areas of 

pigments, biomedical materials, catalysts and supports, 

dielectric materials, gas sensors, waste water purification, 

dye- sensitized solar cells and photo-catalysts [1-8].  

 

 

 

 

Nanostructured TiO2 with significant properties like 

defined morphology; very fine size and single crystalline 

phase, have been prepared by a variety of techniques such 

as solvothermal process [9-12], hydrothermal [13-16], 

mechanochemical [17], anodization process [18] and  
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sol-gel method [2,19]. The sol–gel method has proven  

to be a very useful tool for the preparation of dispersed 

nanoparticles TiO2 because of its ease of operation and 

low processing cost [19]. The sol-gel process offers many 

advantages to producing materials with high homogeneity, 

purity and possibility to control the composition and 

micro structure, while varying parameters such as  

the concentration of alkoxide precursor of titanium, the molar 

ratio of titanium/water, nature of the solvent, catalyst, and 

conditions of calcinations [19-22]. Currently, mesoporous 

titania nanoparticles obtained via modified sol-gel 

process using surfactant as directing and pore forming 

agent, have attracted much attention as photo-catalyst,  

as they are considered to be more applicable in practice than 

titania films because of its large surface area and porous 

frameworks [1, 23-26]. In fact it’s known that in case of 

using water as solvent with large excess, hydrolysis 

process proceeds very rapidly and thereafter provides fine 

particles witch agglomerated very quickly, giving large 

aggregates with micrometer size. So in order to overcome 

this issue, the use of surfactants makes it possible  

to obtain particles with small size and defined shape.  

To date, a variety of hard and soft templates have been 

applied to direct the formation of mesoporous titania 

spheres. In 1995, Antonelli and Ying [27] reported  

the synthesis of mesoporous TiO2 through modified sol-gel 

route in the presence of alklyphosphate surfactant 

templates. Anatase TiO2 nanospheres have been prepared 

by Yang and Zeng [28] via Ostwald ripening after  

a longer hydrothermal treatment. Ren et al. [29]  

have prepared hollow microspheres of mesoporous TiO2 

adopting the surfactant-assisted method. Most of  

,  titanium nanoparticles already synthesized and reported in 

the literature have been used as photocatalyst for dye 

degradation. In spite of the lots of work focusing on 

semiconductors employed for the degradation of 

hazardous materials such as nanocomposites [30],  

TiO2 nanoparticles still more suitable for industrial use 

due to its high stability and low cost. 

Recently, Bakre et al. [31] reported the influence of 

acid chain length (formic acid, acetic acid, butyric acid, 

octanoic acid, and palmitic acid) on the properties of  

TiO2 prepared by sol-gel method for the degradation of 

methylene blue. However, a comparative study  

to emphasize the effects of alkyl chain length or type of 

surfactant on the photodegradation of organic dyes  

has not been yet reported. In this regard, the main 

objective of this study is to investigate the effect of 

cationic and nonionic surfactant in the process of 

photocatalytic decomposition of a model dye. 

To sum up, this research describes a facile, simple  

and inexpensive route to synthesize mesoporous amorphous 

TiO2 nanoparticles with high surface area and large pore 

size using two types of surfactants (cationic and 

nonionic) as pore forming agent and solvent extraction 

method to remove templates in the preparation process.  

In fact, these templates were used by mixing them in water 

in order to obtain micelles and thereafter increasing  

the porosity within the nanoparticle. Thus, three cationic 

surfactants of alkyl chains CnTAB (n = 14, 16 and 18) of 

n-alkyl ammonium bromide have been chosen to study 

the influence of chain length on photodegradation.  

It has been adopted that the cationic surfactant CnTAB provided 

a favorable organophilic environment to the hydrolysis 

and condensation of Ti and could be completely removed 

without disrupting the photocatalytic activity [32].  

As nonionic surfactant, a sugar surfactant, Alkylpolyglucoside 

(Plantacare K55) have been chosen because it was green 

and environmental friendly surfactant witch considered  

as attractive amphiphilic molecules for constructing 

aggregates. Besides, it was a good gelator for various 

solvents because it could easily form hydrogen-bonding 

networks and solvophobic interactions of tail chains [33]. 

To our knowledge, there is no literature about the use of 

sugar surfactant type on the synthesis of TiO2 

nanoparticles. Then, after thermal treatment to provide 

anatase phase, this mesoporous TiO2 themselves will be 

better photo-catalytic carriers for degradation of 

rhodamine B dye which was one of the most famous 

xanthenes dye and dye organic pollutants due to its good 

stability as a dye laser material. We investigated  

the effect of chain length and type of surfactant on the 

photocatalytic activity of mesoporous titania nanoparticles. 

 

EXPERIMENTAL SECTION 

Chemicals 

Titanium (IV) butoxide (97%), tetradecyltrimethyl 

ammonium bromide (C14TAB), the work of the lot 

bromide (C16TAB) and octadecyltrimethyl ammonium 

bromide (C18TAB) were purchased from Sigma-Aldrich. 

Alkylpolyglucoside (Plantacare UP K55) from  

Cognis. Absolute ethanol (>99.7%, Merck), 
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and Milli-Q water (18.2 MΩ cm) were used for the 

synthesis. Rhodamine B (RhB) (97%) from Sigma-Aldrich 

was used for photo-catalysis activity. Commercial P25 TiO2 

powder (80% anatase, 20% rutile) from Degussa was used 

for the comparison of the photocatalytic activity. 

 

Preparation of mesoporous TiO2 photo-catalyst 

In a typical preparation process of mesoporous 

amorphous TiO2, 200mg of surfactant (C14TAB, C16TAB, 

C18TAB and Plantacare UP K55 for samples TP1, TP2, 

TP3, and TP4 respectively) and 60 mL of water were 

mixed under constant stirring at 40°C during 2 h until 

dissolution. Then, 1 mL of titanium butoxide was dissolved 

in 20 mL of absolute ethanol and was added  

to the above solution drop wise under vigorous stirring  

at 40°C. Then a milky white suspension (sol) formation 

was observed immediately. The milky white solution was kept 

12 h in stirring at room temperature (28-30°C) and then 

collected by centrifugation for 15 min at 5.000 rev/s. 

Subsequently, the sample was extracted with an alcoholic 

solution of NH4NO3 (6 g/L) using sonication for 30 min 

at 25°C followed by intermittent washing with water and 

ethanol three times to remove surfactant.  

In order to obtain amorphous TiO2 nanoparticles,  

the resulted precipitate was dried at 80°C for 1 h to evaporate 

water and organic material to the maximum extent. 

Finally, to obtain desired TiO2 nanocrystalline for 

photocatalytic applications, the dried powders obtained 

were calcinated at 450°C. 

 

Characterization 

The particle size and morphology of the powder were 

observed by Transmission Electron Microscope (TEM) 

using a JEOL 1200 EX II. 

Specific surface areas (BET measurements) were determined 

using a Micromeritics ASAP-2020 apparatus based on N2 

adsorption. The crystallographic phases of TiO2 were 

identified from X-Ray Diffraction (XRD) patterns 

recorded with a Philips PANALYTICAL X’pert MPD 

using Cu Kα1 radiation (λCu=1.5406 Å). 

 

Photo-catalytic degradation experiments 

The photo-catalytic activity of mesoporous TiO2 

nanoparticles was evaluated by the degradation efficiency 

of RhB. 200 mg of photo-catalyst was dispersed in an aqueous 

solution of RhB (100 mL, 20 mg/L). The suspension  

was magnetically stirred in dark for 60 min to reach 

adsorption/desorption equilibrium of RhB molecules  

on the surface of the photo-catalyst. Then, the suspension 

was irradiated using two UV lamps at 366 nm. The progress 

of the degradation of RhB was monitored every 5 min  

for subsequent target dye concentration analysis after filtration 

through Millipore syringe filter of 0.20 μm. The degradation 

efficiency of RhB was evaluated by measuring  

the concentration of a centrifuged RhB solution at 554 nm 

which corresponds to the absorption maximum of RhB 

using a UV-vis spectrophotometer (DU-800, BeckMAN 

Coulter). The degradation efficiency and the decolorization 

efficiency of catalysts after various intervals of time  

can be calculated using the following equations: 

0 t

0

A A
deg radation efficiency(%) 100

A


    

Where 𝐴0 and 𝐴t are the initial absorbance and  

the absorbance after various intervals of time (t), 

respectively. 

0 t

0

C C
decolorization efficiency(%) 10

C


    

Where C0 is the initial concentration of dye and Ct is 

the concentration of dye after photo-irradiation. 

The intermediates were identified by GC/MS 

(Thermo-Trace GC Ultra with Quadrupole Spectrometer 

as a detector) and LC/MS (Thermo). 3 mL filtered 

solution was collected after every 3 min and then was 

extracted with 5 mL of dichloromethane three times,  

and the extracted solution was dehydrated using anhydrous 

sodium sulfate. Finally, 2 μL of extracted solution  

was automatically injected into GC with DB-5 column 

(fused-silica capillary column, 30 m × 0.25 mm ID of 0.25 μm 

film thickness with a 5% equivalent polysilphenylene-

siloxane) using splitless mode. For LC/MS analysis,  

the samples were separated using a Beta Basic-C18 HPLC 

column (150 × 2.1 mm ID of 5 μm) at a flow rate of  

0.2 mL/min, and the mobile phase was 60% methanol 

and 40% water. 

 

RESULTS AND DISCUSSION 

Characterization of amorphous and mesoporous TiO2 

nanoparticles 

Sol-gel method of synthesizing nanomaterial is very 

popular amongst chemists and is widely employed to 
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prepare oxide materials. This method refers to the 

hydrolysis and condensation of alkoxide based precursor. 

The preparation of the TiO2 nanoparticles can be 

effectively conducted through the hydrolysis and 

condensation of titanium alkoxides Ti(OR)4 (where R is 

ethyl, i-propyl, n-butyl, etc) in aqueous media. These 

reactions can be schematically represented as follows: 

     24 4
Ti OR 4H O Ti OH 4ROH Hydrolysis    

     2 2 24
Ti OH TiO ,xH O 2 x H O Condensation    

The hierarchical porous structure of TiO2 is confirmed 

by its TEM images. The TEM image in Fig. 1 reveals  

a large amount of very small particles with the average size 

of about 50 nm and constitutes a disordered wormhole 

framework, which is a typical characteristic of 

mesoporous structure. It’s obvious that the introduction 

of surfactant has a significant influence on the 

morphology of titania nanoparticles. It’s shown that 

particles size decreases with addition of templates.  

The morphology of TiO2 nanoparticles synthesized  

by Plantacare UP K55 (TP4), is similar to these synthesized 

with cationic surfactant, but it shows more defined 

spherical particles than the others (Fig. 1). 

The surface area and porosity of the TiO2 

nanoparticles were investigated using the nitrogen 

adsorption and desorption isotherm. All particles are 

porous before calcination. Surfactants were removed  

by using extraction to keep the mesostructure and  

the amorphous phase, because it is difficult to keep  

the mesostructure after removing completely the structuring 

agent. The nitrogen adsorption-desorption isotherm 

shows a pure type IV adsorption according to the IUPAC 

classification [34] for all the TiO2 samples. The late and 

steep adsorption step shows the relatively large pore size. 

In addition, isotherms show hysteresis loop of type H1 

characteristic of mesopores. 

As expected, the specific surface area increased with 

the increase in chain length of hydrophilic part of  

the template in the case of cationic alkylammonium 

bromide (Table 1). The plots of the pore size distribution  

are determined by the BJH (Barrett-Joyner-Halenda) method 

from the desorption branch of the isotherm, which shows 

that TiO2 spheres after extraction have very obvious 

mesoporous structure. The average pore diameters of 

TiO2 particles ranged from 8 to 9 nm (Table 1). 

Characterization of crystalline TiO2 nanoparticles 

The as-synthesized amorphous TiO2 nanoparticles  

can be transformed into the crystalline phase after 

calcination at 450°C. The crystal phase of the  

as-synthesized TiO2 samples were detected by using  

X-Ray powder Diffraction (XRD). All diffraction peaks  

are well defined and it can be clearly observed in Fig. 2, that 

anatase is the main formed phase in the different 

experimental conditions. It’s known that anatase TiO2 

nanoparticles were very photoactive and practical for 

water treatment and water purification. 

The peaks located at 25.3, 37.8, 48.1, 54.0 respond  

to the (101), (004), (200), (105) and (211) planes of  

the anatase phase according to the JCPDS files (Joint 

Committee on Powder Diffraction Standards Card No: 

21-1272). However, an additional peak at 2= 30.8 

respond to the (121) in the patterns of samples TP1* and 

TP2* suggests the presence of a low amount of brookite. 

The XRD patterns were then analyzed using X’Pert High 

Score Plus program and the proportion of the different 

TiO2 polymorphs, anatase, brookite or rutile in the solids 

can be determined from the quantitative method as shown 

by the following equations [35]: 

A A
A

A A R B B

K A
W

K A A K A


 
                                         (1) 

R
R

A A R B B

A
W

K A A K A


 
                                         (2) 

B B
B

A A R B B

K A
W

K A A K A


 
                                         (3) 

Where WA, WB, and WR represent the weight fraction 

of anatase, brookite, and rutile respectively. AA, AB, and 

AR represent the integrated intensity of the anatase (101) 

peak, the brookite (121) peak and the rutile (110) peak 

respectively. The coefficients KA = 0.886 and KB =2.721. 

Samples TP1* and TP2* contains anatase and 

brookite, so the weight fraction of anatase (WA) and 

brookite (WB) can be calculated by removing the AR 

coefficient (Table 2). 

The broadening of the anatase diffraction peaks  

is attributed to the nanometer size of the particles and could 

be used to determine the crystallite size of the particles 

using the Debye–Scherrer’s equation as follows [36]: 

K
FWHM

Scos





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Table 1: Physicochemical properties of mesoporous TiO2 particles prepared with different surfactants. 

Sample surfactant BET Surface Area (m2/g) Pore Size (nm) Pore Volume (cm3/g) 

TP1 C14TAB 437 8.5 1. 01 

TP2 C16TAB 467 9.9 0. 88 

TP3 C18TAB 508 8.1 1. 02 

TP4 Plantacare K55 400 8.5 0. 89 

 

Table 2: XRD particle size and Characterization results of N2 adsorption-desorption for crystallized TiO2  

samples and commercial P25. 

Sample XRD particle size (nm) Crystalline composition (%A/%B/%R) SBET (m2/g) Pore size dp (nm) 

TP1* 12.47 95% A+ 5%B 93. 6 8.7 

TP2* 10.65 90% A+ 10%B 86.0 9.3 

TP3* 10.51 100%A 104.0 10.2 

TP4* 12.00 100%A 67.2 12.7 

P25 21.00 20%R+ 80%A 56.0 17. 5 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1: TEM micrographs of titania nanoparticles TP1 (surfactant: C14TAB), TP2 (surfactant: C16TAB), TP3  

(surfactant: C18TAB) and TP4 (surfactant: Plantacare UP K55). 
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Fig. 2: XRD patterns of TiO2 nanoparticles after calcination 

at 450°C: TP1*, TP2*, TP3* and TP4* (Lines marked  

with a star correspond to anatase, and those marked  

with a circle correspond to brookite). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3: N2 adsorption-desorption isotherms of crystallized  

TiO2 nanoparticles. 

 

Where S is the crystallite size, λ the wavelength of  

the X-ray radiation (λ Cu= 0.15406 nm), K a constant taken 

as 0.94, θ the diffraction angle and FWHM is the line width 

at half maximum height. 

The smallest crystallites have been obtained from 

sample TP3* synthesized by C18TAB with an average size 

of 10.51 nm (Table 2). The specific surface area and pore 

size distribution of the as-prepared mesoporous TiO2 

nanoparticles after crystallization were characterized  

by nitrogen adsorption and desorption isotherms at 77K. 

The adsorption–desorption isotherms (Fig. 3) of the samples 

show typical type IV behavior. A hysteresis loop in the 

adsorption–desorption isotherm was observed at higher 

pressures (0.8< P/P0< 0.95), indicating the presence of 

mesoporous structure [37]. Their values of BET surface 

area (SBET) and average pore diameter of samples  

are indicated in Table 2. All samples have an important 

surface area than commercial TiO2 P25. The highest SBET 

was presented in TP3*. 

 

Photo-catalytic Degradation of Rhodamine B 

The photo-catalytic activities of as-prepared samples 

were evaluated by monitoring the degradation of RhB 

solution, where the concentration of RhB is obtained 

from the linear relation between the absorbance and  

the concentration of dye solution.  

Fig. 3 displays a comparison of photo-catalytic 

activity for the obtained TiO2 nanoparticles under  

UV light. In dark conditions, a decrease of RhB concentration 

was observed during the first half hour of the test and  

it was unchanged in the second half hour, indicating that 

the adsorption equilibrium of dye on catalyst surface  

was reached. After the dark period, the solution was irradiated 

with UV light and the reaction started to occur. It is found 

that all TiO2 photocatalysts exhibited higher photo-

catalytic activity under UV light irradiation than 

commercial TiO2 P25. On the contrary the photolysis 

reaction shows that without TiO2, RhB decolorization 

decreases slightly which confirm that as synthesized TiO2 

are effective. The higher photocatalysis process  

can be related to higher specific surface area [38] and smaller 

particles [39] because it narrows the band gap of 

photocatalysts and implies larger contact surfaces 

exposure to the reagent, which allows photocatalysts  

to absorb more molecules. 

TiO2 nanoparticles caused decolorization of RhB 

solutions mainly due to photocatalytic process. Besides  

all dye solutions were almost completely undergo degradation. 

Results demonstrated that with the different prepared 

TiO2, the decolorization and degradation values were 

found to be 98.58, 98.72, 99.95 and 98.84% for samples 

TP1*, TP2*, TP3* and TP4*, respectively. These values 

were higher than commercial TiO2 P25 witch was 97.68. 

To obtain more detail information about intermediates, 

and to better comprehend the details of the reaction 

process, the degradation products were identified by 

GC/MS and LC/MS. The intermediates were identified 

on the basis of the information given by the commercial 

library (NIST 2008). Corresponding to the GC/MS and 

LC/MS identification, the degradation of RhB can occur 

via N-de-ethylation and cleavage chromophore. However, 
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Fig. 4: Photocatalytic decomposition of RhB aqueous solution 

in presence of Degussa P25 and as synthesized TiO2 

nanoparticles after calcination at 450°C (TP1*, TP2*, TP3* 

and TP4*). 

 

a peak at m/z = 399 was observed indicating possible  

de-carboxylation of RhB. on the basis of the results,  

the proposed pathways for the photocatalytic degradation 

of RhB were depicted in Fig. 5. 

 

Kinetic Study 

The kinetics study of photo-catalytic degradation of 

RhB was studied with pseudo-first-order model according 

to the approach proposed by Lente [40]. The pseudo-first-

order model is given as in the following equation: 

kt
tC Xe E    

Where E is the endpoint, Ct is the concentration of 

RhB at irradiation time t and k is a first order rate 

constant (min-1). The k value is an important figure, 

indicating the photocatalytic performance, and the value 

is proportional to the photocatalytic activity. The first 

order rate constant k and the coefficient of determination 

R2 are given in Table 3. The R2 values reach the unity 

indicating that the pseudo-first-order model fits the 

experimental data quite well. The order of kinetic 

constants of TiO2 nanoparticles is k (P25)< k (TP1*)< k 

(TP2*)< k (TP4*) <k (TP3*) which confirm that (TP3*) 

was the perfect sample for the degradation of RhB than 

the others samples obtained by cationic surfactants and 

even non ionic template. Besides TP* was more 

performed than commercial TiO2 P25. 

The higher photocatalytic activity of sample TP3* 

prepared by cationic surfactant C18TAB is attributed  

to the homogeneous crystal structure which was 

beneficial to higher performance rather than anatase and 

rutile mixed phase in the field of photocatalyst [41]. It 

was also attributed to the mesoporous structure with large 

pore size and high surface area caused by surfactant 

template in the synthesis process [42]. 

 

Catalysts re-use studies 

It was although appropriate to investigate the re-use 

of the same photo-catalyst (TP1*, TP2*, TP3* and TP4*) 

for degradation of a new 20 mg/L RhB dye solution  

at the same optimum photodegradation conditions 

determined for the nano-TiO2. Samples were used after 

wash and calcinations at 400°C to remove all organic 

compounds. The obtained nanoparticles were named 

(TP1**, TP2**, TP3** and TP4**). After the second use, 

the photocatalytic activity of TiO2 nanoparticles  

is decreased but it still important and the disappearance 

of the organic molecule follows a pseudo first kinetic order 

model. However, the degradation time was increased 

from 75 min to 135 min to achieve maximum  

photo-degradation. It was also observed that sample 

TP3** showed the higher RhB photodegradation than  

the others.  

 

CONCLUSIONS 

In summary, the mesoporous TiO2 prepared via  

the fast sol–gel method by introducing different surfactants 

as the template exhibits smaller grain size and much 

larger surface area with spherical morphology. After 

calcination, the XRD pattern indicates the presence of 

crystalline anatase phase TiO2 for all samples.  

The as synthesized nano TiO2 nanostructures exhibited good 

photo-catalytic activity for the degradation of RhB dye 

under UV light even after the second use. When  

the sample is prepared with cationic surfactant C18TAB,  

it has a small crystallite size with large pore size and high 

surface area witch make it better in photocatalysis  

than the others samples obtained by C14TAB, C16TAB and 

the nonionic surfactant. Moreover, the possible 

photocatalytic degradation pathway of RhB was proposed 

and the major intermediates were identified by GC/MS 

technique. It was proposed that the decomposition  

of RhB occurred via competitive pathways,  

the chromophore cleavage, decarboxylation and  

the N-deethylation. All ways happened concurrently and 
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Table 3: Kinetics parameters of photodegradation of rhodamine B onto TiO2 samples according to pseudo-first-order. 

Sample k (min-1) R2 

TP1* 0.00877 0.9814 

TP2* 0.03532 0.9876 

TP3* 0.07265 0.9816 

TP4* 0.03686 0.9932 

P25 0.00452 0.9968 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5: Proposed mechanism of photocatalytic degradation of RhB using TiO2 nanoparticles under UV light irradiation. 

 

may lead the RhB molecule toward acid molecules that 

will be mineralized later to NH4
+, NO3

-, CH4, H2O, and CO2.  
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