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Abstract 

Au-TiO2 catalysts were used in the photocatalytic degradation of the methy-
lene blue dye (MB). The synthesis of titanium oxide (TiO2) was carried out by 
sol-gel method. Subsequently, particles of Au were deposited on the surface 
of the semiconductor by photo-deposition, thus modifying the surface of the 
semiconductor. For the characterization of the catalyst obtained, the tech-
niques of X-ray Diffraction (DRX), Scanning Electron Microscopy (SEM), 
Spectroscopy with Diffuse Reflectance (DR) and Surface Area by the BET 
(Brunauer, Emmett y Teller) were used. The solid obtained was tested expe-
rimentally as a catalyst in the photocatalytic degradation of a solution of MB. 
The data obtained were analyzed by UV-vis Spectroscopy and Total Organic 
Carbon (TOC) and the results indicated conversions were greater than 80%. 
The intermediate products were evaluated by mass coupled gas chromato-
graphy (GC-MS) and the MB decomposition route was by hydroxylation, ob-
taining aromatic intermediates, esters and products of the chemical degrada-
tion of the molecule. 
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1. Introduction 

The contamination of the water generates a great concern, due to the increase in 
the demand for drinking water due to the exponential growth of the population 
[1]. The pollutants that represent a challenge in water treatment are organic, since 
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their behavior depends on their structure, size, shape or presence of functional 
groups that determine their toxicity. Within this type of pollutants, there are 
persistent and recalcitrant ones; both harmful to the environment and human 
health. 

The recalcitrant pollutants also tend to be difficult to degrade since they resist 
the attack of microorganisms or biological or chemical degradation mechanisms; 
therefore, it is necessary to make use of Advanced Oxidation Technologies (AOTs), 
either as a pre-treatment before a biological treatment for biodegradation-resistant 
contaminants or as a post-treatment process to improve the water before dis-
charge to the receiving bodies [2]. 

Dyes are used by many industries to color their products (textile, tannery, pa-
per and pulp, cosmetics, plastics, coffee pulp, pharmaceutical, food processing, 
among other industries) [3] [4]. Of all these industries, the textile ranks first in 
the use of dyes to dye fibers [4]. Many of these dyes have entered water bodies 
and have become a threat to the environmental safety of water [5]. Acute expo-
sure to MB causes increased heart rate, skin irritation, Heinz body formation, 
cyanosis, jaundice, quadriplegia, and tissue necrosis in humans [6] [7]. 

Although several physical and chemical processes have been adopted, such as 
sedimentation [8], oxidation by ozone and hypochlorite [9], precipitation, ad-
sorption (by activated carbon), air extraction, coagulation, reverse osmosis, ion 
exchange, and membrane nanofiltration to the removal of organic pollutants 
[10]; the application of these methods is restricted due to high cost and low de-
gradation efficiency. 

Photocatalysis has proven to be an efficient method to remove organic mole-
cules in non-toxic and biodegradable end products [11]. Photocatalytic activa-
tion is a process by which a semiconductor material absorbs light of energy 
greater than (or equal to) its band gap. Electron-hollow pairs are generated by 
excitations of electrons from the valence band to the conduction band. Such pair 
formation generates free radicals such as hydroxyl groups ( OH⋅ ) in the system, 
which are very efficient oxidants of organic materials [12]. 

Different semiconductor photocatalysts, such as TiO2, ZnO, SrTiO3, ZnS, CdS 
and ZrO2 have been used for the degradation of contaminants [13] [14]. One of 
the main drawbacks of photocatalytic activity is the rapid recombination of 
photoinduced electron-hole pairs. To overcome the inconveniences and improve 
the photocatalytic activity, the semiconductors are modified with metals. Doping 
is a very useful technique to improve load separation in the semiconductor sys-
tem [10]; the semiconductor doping approach is considered as the most efficient 
way to improve your photocatalytic activity under sunlight [15]. 

The TiO2 have attracted extensive interest as promising material in environ-
mental pollution abatement [16], it is a low-cost metal oxide photocatalyst, bio-
compatible, highly available and stable in the environment with the ability to ef-
fectively degrade a spectrum of pollutants [17] [18]. 

Due to its many advantages, TiO2 is the main semiconductor used in photo-

https://doi.org/10.4236/mrc.2021.101001


M.-C. Arias et al. 
 

 

DOI: 10.4236/mrc.2021.101001 3 Modern Research in Catalysis 
 

catalytic processes; however, this oxide has some limitations related to the great-
er recombination of the holes and electrons [19]. To remedy this effect, TiO2 is 
generally associated with other materials that decrease the recombination rate of 
electrons and holes, allowing these charges to be transferred to electron accep-
tors and donors [20] [21]. Particularly, gold nanoparticles have been used as 
photocatalysts in the degradation of dyes [22] [23]. For these reasons, research-
ers have recently focused on supporting gold nanoparticles on titanium dioxide, 
which is a promising system for photocatalytic reactions and wastewater treat-
ment.  

This study shows the efficiency of doped catalysts with MB, it is shown that 
the photocatalytic processes are highly efficient to remove certain organic mole-
cules and that the efficiency of the process depends on the method of synthesis 
of the solid and the Nature of the contaminant. 

2. Experimental 

2.1. Materials 

The catalyst was synthesized from the Titanium butoxide (Aldrich CAS number: 
5593-70-4). Was used methylene blue (Hycel CAS number: 7220-79-3) to simu-
late an effluent in the photodegradation tests; on the other hand the source of Au 
was the HAuCl4 (Aldrich CAS number: 16961-25-4). The separation of the cata-
lyst of the solution is carried out by using cellulose filters of 0.22 µm (Millipore-
Corp). 

2.2. Catalysts Preparation 

Synthesis process: The deionized water and the anhydrous ethanol were mixed 
in a 500 mL glass reactor and the mixture was stirred for one hour. The solution 
was heated at 70˚C while the titanium butoxide was slowly added, keeping the 
pH = 3, with the addition of drops of HNO3, diluted 1:10 in volume. After the 
addition, a condensation system was placed and the heating and stirring condi-
tions were maintained for 6 hours. The product was dried at 100˚C for 60 min 
and calcined at 550˚C for 3 hours.  

2.2.1. Catalysts Doping 
Particles of Au were deposited on the surface of the semiconductor by Photode-
position method using as a precursor HAuCl4·3H2O. To perform the process in a 
glass reactor, 1 g of TiO2 was deposited, 8 mL of ethanol and 100 mL of deio-
nized water were added. It was left one hour in the dark, and the reaction was 
subjected to the radiation of 4 UV lamps at 365 nm for 5 h. At the end of the ir-
radiation period, water was removed by vacuum filtration followed by drying at 
100˚C and calcination at 550˚C for 3 h. 

2.2.2. Characterization by XRD, EDS, BET and DR 
The characterization of the synthesized materials allows to establish their struc-
tural properties. XRD diffraction pattern was obtained with Advance D8 Dif-
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fractometer. The morphology of the samples and chemical analysis were studied 
using a Dual-Beam Scanning Electron Microscope (FIB-SEM) FEI-Helios Na-
nolab 600 from National Laboratory of Research in Nanosciences and Nanotec-
nology (LINAN, San Luis Potosí, México). 

The band gap estimation (Eg) was analyzed by UV-vis spectroscopy by DR 
using a Shimadzu UV-2450 system, equipped with the ISR-2200 Integrating 
Sphere Attachment (UASLP, Autonomous University of San Luis Potosí, Méxi-
co). BET surface area and porosity measurements were carried out by N2 ad-
sorption at 77 K using a BelCorp II instrument from Civil Engineering Institute 
(UANL, Autonomous University of Nuevo León, México).  

2.3. Photocatalytic Degradation of MB 

The catalyst was evaluated in the degradation of MB at different concentrations, 
with the purpose of knowing the effect of the concentration of the substrate on 
the degradation velocity. Thus, in all the photoactivity tests, samples were taken 
to determine the advance grade of the reaction. The decrease of MB concentra-
tion in the solution was determined by monitoring the intensity of its principal 
absorption band (664 nm) in an Agylent Cary 60 spectrophotometer (UNACAR, 
Autonomous University of Carmen, México). 

2.4. GC-MS 

Reaction samples were treated with ethylacetate and Micro Extraction in Solid 
Phase (SPEM) with LiChrolut® Florisil® cartridges, and then analyzed using 
GC-MS was used an equipment HP model 6890 coupled to a selective mass de-
tector HP 5973. A column HP-5MS 25 m × 0.2 mm × 0.33 μm and Helium of 
high purity as carrier gas, the temperature program was as follows: initial tem-
perature of 40˚C, at 2 minutes the heating ramp of 10˚C min−1 begins until reach-
ing 260˚C, which is maintained for 45 minutes. The injector is used in “Splitless” 
mode at 250˚C. The NIST Version 1.7a electronic library data base was used to 
assign the identified peaks. 

3. Results and Discussion 

3.1. XRD 

XRD patterns of the TiO2 y Au-TiO2 are presented in Figure 1. The samples 
confirm the presence of anatase of titania (JPDF 211272). The highest diffraction 
peak in 2θ, for the anatase phase, occurs at 25.42˚ further the XRD patterns of 
Au-TiO2 have peaks at 2θ = 38.15˚, 44.29˚, 64.54˚ and 77.58˚ (JPDF XRD 
893697), this as a result of the gold with which the materials have been doped. 
The presence of the anatase phase in a higher proportion can be attributed to the 
synthesis method and the temperature at which the process is carried out; with 
reflections of 2θ = 37.8, 48, 53.9 and 63 corresponding to the crystallographic 
planes of 0.004, 200, 105, 204 based on the JCPDS 21-1272 pattern. In previous  
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Figure 1. XRD of TiO2 and Au-TiO2. 

 
studies [24]. It has been shown that at temperatures of 400˚C the crystalline 
phase of anatase occurs in a greater proportion, when the calcination tempera-
ture is increased to 600˚C, anatase is uniquely observed; reflections belonging to 
rutile were detected in undoped titania. Doping with gold can influence in de-
laying the transition from the crystalline phase to anatase from the XRD pat-
terns, the peaks shift to lower angle after Au deposition, which may indicate the 
increase of the cell volumewhich can be attributed changes in composition by 
doping. This effect is mainly due to the difference in ionic radios between the 
main element and the dopant ion, if we modify the original system by using a 
dopant, it affects the lattice/unit cell of the material, change in lattice parameters 
result in shift in XRD peaks. The dopant atoms are being taken into the host 
structure substituting for some of the host atoms and thus causing the structure 
to either contract or expand. 

3.2. SEM-EDS 

Figure 2 shows the micrographs obtained from the solid sample of Au-TiO2 in 
which the morphological characteristics of the materials are exemplified, in ad-
dition to showing a uniform distribution of the gold particles. The chemical 
composition of the Au-TiO2 was determined by energy dispersive spectroscopy 
(EDS) analysis, obtaining Ti = 53.17%, Au = 3.7% and O = 43.17. 

Figure 3 shows the modifications of the properties of titanium oxide due to 
the presence of gold particles on the surface. A significant improvement in ab-
sorption due to surface plasmon resonance in visible light range was achieved 
(400 - 600 nm), resulting from the interaction of the metal particles with the in-
cident light. Likewise, the presence of metallic elements can increase the proper-
ties and electrical conductivity of a semiconductor when it is doped [25]. The 
obtained results indicate that the band gap energy of the titanium modified with  
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Figure 2. SEM image showing the elemental composition of the synthesized catalyst. 
 

 
Figure 3. Comparison of the diffuse reflectance profiles of TiO2 and Au-TiO2. 
 
gold was 2.9 eV, compared to commercial TiO2 which is 3.1. 

3.3. BET 

The N2 adsorption-desorption isotherms of the synthesized Au-TiO2 samples are 
presented in Figure 4. The isotherms of the catalyst follow type IV adsorp-
tion-desorption characteristics of (IUPAC; International Union of Pure and Ap-
plied Chemistry) classification which indicates uniform size and mesoporous 
structure of the sample. Specific surface area is 47.57 m2/g, an average pore ra-
dius of 30.668 nm, and a total pore volume of 0.3648 cm3/g. 

3.4. Photocatalytic Degradation of MB 

The mass of the catalyst used was 1 g/L; this relationship was based on previous 
studies carried out in the research group.1 Figure 5 shows the concentration 
profile of an MB photocatalytic degradation reaction at a concentration of 10  
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Figure 4. N2 adsorption-desorption isotherms of Au-TiO2. 

 

 
Figure 5. Degradation profile of MB of a 10 mg/L MB solu-
tion. 

 
ppm. As can be seen, the absorption spectra of MB indicate most intense ab-
sorption peak at 664 nm, which has been associated to MB monomer, the con-
jugation system between the two-dimethylamine substituted aromatic rings 
through sulfur and nitrogen atoms. During photocatalytic degradation, the in-
tensity of this peak decrease gradually. 

This experiment was carried out in dye solutions of 5, 10, 15, 20, 25, 30, 35, 40, 
45 and 50 ppm. Table 1 shows the degradation percentages obtained of all the 
reactions and Figure 6 shows the decrease in the concentration of the dye vs. 
time, the greatest conversion is obtained with the 30 mg/L solution with a 97.4%. 

In all degradation reactions of MB, samples of the reaction mixture were taken 
for analysis with UV-vis and TOC. The results of these experiments are showed 
in the Figure 6, where the variation of the concentration of MB and the total 
amount of organic carbon can be observed as a function of the time.  

The degradation of MB, measured by UV-vis spectroscopy, and a mass bal-
ance, based on total organic carbon measurements were used to obtain the aver-
age Organic intermediate products (OIP) curve using the equation: 
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Table 1. Degradation percentage of the analyzed samples. 

Concentration (mg/L) Conversionpercentage (%) 

5 88.6 

10 92.5 

15 93.9 

20 94 

25 95.8 

30 97.4 

35 92.5 

40 93.2 

45 95.2 

50 96.7 

 

 
Figure 6. Methylene blue (MB) concentration profile at different reaction times: (a) 25 mg/L, (b) 30 mg/L, (c) 35 mg/L, (d) 40 
mg/L, (e) 45 mg/L, (f) 50 mg/L showing the reaction behavior based on mass balances and total organic carbon profiles (TOC = 
total organic carbon, MB = concentration measured by UV-vis spectroscopy, OIP = organic intermediate products). 

 

CARBON CARBONTOC C MB C OIP− =                    (1) 

The Langmuir-Hinshelwood (LH-HW) model is the most commonly used 
kinetic expression to explain the kinetics of heterogeneous catalytic reactions. In 
this model, the reaction rate r can be expressed as: 

1

21
MB MB

MB
MB

dC K Cr
dt K C

− = − =
+

                     (2) 
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where K1 is a rate constant, K2 is the adsorption constant, and CMB is the methy-
lene blue concentration (Figure 7). 

The Equation (2) allows to graph the experimental data for determine the 
values of the constants. The correlation coefficient (R2) for the fitted straight line 
was calculated as 0.9852, suggesting that the photocatalytic degradation of MB 
can be described by a first-order kinetic model. The obtained values were as fol-
lows: K1 = 0.00670736 min−1, K2 = 0.01066067 (Mg / L) raised to −1. 

3.5. Intermediate Organic Products of MB Degradation 

Samples were analyzed at two and four hours of reaction that were extracted 
by SPEM and analyzed by GC-MS (2 and 6 hours of reaction). The reaction 
samples were extracted by SPEM and analyzed by GC-MS. The results are shown 
in Figure 8 and Figure 9 respectively. The results obtained indicate that the de-
gradation pathway is hydroxylation; The first intermediate was 1, 2, 3, 4 Tetra-
methyl benzene shown in Figure 8(c)) with a retention time TR = 6.941, the 
reaction can proceed in series or in parallel, The structure of MB has an aromat-
ic ring opening with the subsequent formation of compounds with an open 
structure, which can give rise to Triethanolamine shown in Figure 8(d)) with a 
TR = 6.653, finally the subsequent oxygenation of the MB molecule can lead to 
the formation of carboxylic acids or esters such as those seen in Figure 8(b) and 
Figure 8(a) with TR = 16.72 (Hexadecanoic acid) and 18.633 (Octadecanoic ac-
id, methyl ester) respectively, it was not possible to identify all the intermediates 
since the speed at which they are formed and consumed can be nanoseconds, but 
it is a fact that it is a aromatic ring opening and ester formation; In other inves-
tigations [26]; The behavior showed a rapid removal of color, TiO2-UV-based 
photocatalysis was able to simultaneously oxidize the dye, with an almost com-
plete mineralization of carbon and nitrogen and sulfur heteroatoms in CO2, 

4NH+ , NO3− and 2
4SO −  respectively. 

Finally in Figure 9(a) and Figure 9(b); fragments of the MB molecule can be 
observed, product of the degradation of the chemical structure with TR = 1.564 
(Methylene chloride) and TR = 1.719 (2-butanone). 
 

 
Figure 7. Experimental data on Langmuir–Hinshelwood model (LH 
equation). 
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Figure 8. GC-MS spectra of MB degradation at 2 hours of reaction (four peaks are identified with retention times in minutes (a) 
18.41; (b) 16.721; (c) 6.941; (d) 6.653). 

 
Two oxidative agents can be obtained from the photocatalytic process: the 

photo-produced holes h+ and/or the OH⋅  radicals, which are known as 
strongly active and degrading but non-selective agents, the OH⋅  radicals can 
attack the C S C+− =  functional group in MB. Thus, the initial step of MB de-
gradation can be attributed to the cleavage of these bonds to obtain degradation 
of the dye [23]. Due to breaking of bonds during a reaction time of 2 hours a 
single ring structure of 1, 2, 3, 4. Tetramethyl benzene is produced at 6.941 re-
tention time. Ray et al. [27] suggest that multiple single ring structures are pro-
duced. Finally, the organic compounds are mineralized during a reaction time of  
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Figure 9. GC-MS spectra of the degradation of MB at 4 hours of reaction (2 peaks are identified with retention 
times in minutes of (a) 1.719 min; (b) 1.5654 min). 

 
6 hours in methylene chloride and 2-butanone. Houas et al. [23] have mentioned 
on their study that many other hydroxylated intermediates have been formed of 
the degradation of methylene blue, but they were difficult to detect because of 
their poor extractibility owing to their hydrophilic character. 

4. Conclusion  

TiO2 was synthesized by the sol-gel method using titanium butoxide as a pre-
cursor and doped with gold particles following the photodeposition method. 
Au-TiO2 catalyst degraded the contaminant with percentages ranging from 
88.6% for a concentration of 5 mg/L to 97.4% for a concentration of 30 mg/L, in 
a system irradiated with UV light. From LH-HW model evaluated, the experi-
mental data have an adjustment to a first-order kinetics, which allows to obtain 
the values of the kinetic constants for the model, so it is concluded that LH-HW 
model describes the decomposition of the dye. The results by GC-MS support 
the fact of the degradation of the molecule, which means that there is not only a 
removal of the dye in solution, but also a rupture of bonds that results in the for-
mation of the hydroxylated intermediates products to mineralize the molecule. 
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