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ABSTRACT: Water pollution affects ecosystems including humans, water reserves for 

human consumption are increasingly scarce and disinfection methods are expensive and 

ineffective. In this work, a material based on TiO2 was synthesized using the sol-gel method, 

and then doped with CeO2; Silver was added to the synthesized material by the incipient 

moisture method, to provide the bactericidal effect against Salmonella Typhimurium strains. 

The experimental results show the presence of crystalline phases of TiO2-Ce and deposits of 

Ag. The combination of  Ti, Ce, and Ag in the Ag/Ti0.96Ce0.04O2, worked as a bactericidal 

material for Salmonella Typhimurium; the silver content of 4% (w/w) was sufficient to inhibit 

bacteria. This could be because cerium and titanium break down the cell membrane, which 

makes silver easily interact with the nucleus of bacteria.The textural results show the 

diameter of the pores in all samples ranges from 2 to 50 nm (mesoporous solid). On the other 

hand, the rough morphology of the nanoparticles could enhance the antibacterial efficacy 

because it contributes to the rupture of the membranes of the aforementioned bacteria. 

KEYWORDS: Silver nanoparticles, Salmonella Typhimurium, Synthesis, Water pollution, 

Sol-gel method, Photoactivity, Photocatalysis, Anatase. 

 

INTRODUCTION 

Water is essential for life, a good supply guarantees great health benefits. According to the 

World Health Organization (WHO), around 5 million people die each year from conditions 

derived from water contamination, 50% of these deaths are associated with gastrointestinal 

infections. The greatest bacterial risks are due to the ingestion of water contaminated with 

human and animal feces (Grabow, W.O.K., 1996; George et al., 2001; Fenwick, A., 2006; 

WHO, 2008). The use of disinfectants is crucial to reduce pathogens in personal hygiene, in 

wastewater treatment, and during urban use in general (McDonnell, G., and Russell, A.D., 

1999). In recent years, semiconductor photocatalysis has been studied for pollutant removal 

treatments in water and air (Pant et al., 2016; Opoku et al., 2017). Titanium dioxide (TiO2) 

has been used as a photocatalyst for antimicrobial purposes (Liou, J.W., and Chang, H.H., 
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2012), due to its high photoactivity, good chemical stability, low cost, and low toxicity (Pant, 

B., et al., 2014; Pant B., et al., 2019). TiO2 has three crystalline structures: rutile, anatase, 

and brookite (Allen, N.S., et al., 2018). The anatase and rutile phases are used in 

photocatalysis, while brookite is not very stable and its use is almost null (Zhang, J., et al., 

2008; Di Paola, A., et al., 2013). On the other hand, silver has been used since ancient times 

as a bactericidal agent (Klasen H.J., 2000a; Klasen H.J., 2000b). Silver ions in silver nitrate 

and silver sulfadiazine are effective against gram-positive and gram-negative bacteria (Chen, 

R., et al., 2013; Mohiti-Asli, M., et al., 2014; Sun, Z., et al., 2016; Benli, B., and Yalin, C., 

2017). The most important characteristic is its surface area, which enhances its antimicrobial 

action and the bioavailability of the materials used (Ying, J.Y., 2008). Heterogeneous 

materials are very important in recent years due to their photocatalytic activity (Fujishima, 

A.K., 1972; Hoffmann, M.S., et al., 1995; Somorjai, G.A., 1996; Mills, A., and Hunte, S.L., 

1997; Burda, C., et al., 2005). When the anatase phase of TiO2 is exposed to natural light, 

holes are generated and electrons are excited, the holes are trapped by water, and with this, 

hydroxyl radicals are generated that effectively degrade many of the organic pollutants 

(Carey, J., et al., 1976; Fujishima, A., et al., 2000; Nadtochenko, V., et al., 2005). However, 

because TiO2 works under UV conditions (3.2 eV), doping with various metals has long been 

chosen to improve its sensitivity to visible light (Williamson, W.O., 1939; Anpo, M., et al., 

2001; Asashi, R., et el., 2001; Khan, S.U.M., et al., 2002; Park, C.H., et al., 2002; Burda, C., 

et al., 2003; Yu, J.C., et al., 2005). Silver particles make it possible to activate the excitation 

in light of TiO2 (Seery, M.K., et al., 2007). Silver nanoparticles increase the properties of 

TiO2 and also this combination notably improves the antimicrobial properties of both 

materials, it is believed that silver improves the photoactivity of TiO2 by reducing the 

recombination rate of its photo-excited charge carriers and/or by providing more surface area 

for adsorption (Sclafani, A., et al., 1997; Sung-Suh, H.M., et al., 2004). A large amount of 

silver released sometimes reduces antimicrobial activity (Wang, Y.L., 1998). So far there is 

not much information on the bacterial efficacy of cerium; however, very recently some 

syntheses were carried out including TiO2 co-doped with silver and cerium, observing that 

under light or darkness this material eliminated more than 99.9% of E. Coli and S. Aureus 

and it was found that it could be used to eliminate bacteria (Moongraksathum, B., and Chen, 

Y., 2017). 

 

In this work, the material will be synthesized using the sol-gel method, which consists of 

obtaining an oxide skeleton (metastable phase) by hydrolysis and polymerization at low 

temperatures, starting from a metallic alkoxide or inorganic salt. 

 

EXPERIMENTAL METHODOLOGY 

Synthesis of Ce/TiO2 

The synthesis was carried out by the sol-gel method from titanium butoxide, Ti (OBu)4 

(Sigma Aldrich> 97%); 12.8 mL of stereagent were mixed with 74.8 mL of ethanol and 76 

mL of deionized water, and 2 and 4% (w / w) of (NH₄)₂Ce (NO₃)₆. The reagents were added 
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in that order and they were homogenized with a magnetic stirrer for approximately 5 min, 

after this time they were emptied into 4 vials of the Anton Paar Synthos 3000 microwave 

reactor, in which they were synthesized under the following conditions: Maximum operating 

temperature 180 ° C, Reaction time 2 minutes, Ramp: 10 min. Subsequently, they were 

calcined for 24 h at 100 ° C. 

Silver impregnation 

Silver nitrate (AgNO3) was mixed with water with constant stirring at 70 ° C. The Ti1-xCexO2 

powder was placed in a water bath at 70 ° C so that the impregnation with the AgNO3 solution 

was carried out dropwise for 2 h; the Ag/Ti1-xCexO2 powder was dried for 2 h at 200 °C, 

finally macerated and reduced for 3 hours at 400 °C. 

Characterization of materials 

The crystallinity of the solids was determined by X-ray diffraction using a SIEMENS D-500 

diffractometer coupled to an X-ray tube, using a copper anode (CuKɑ radiation, λ = 1.54 

nm). Scanning electron microscopy was performed on a JSM-6400 JEOL Noran Instruments 

SEM equipped for energy-dispersive X-ray spectroscopy (EDS). For the characterization of 

the textural properties, all the adsorption isotherms of N2 were determined at the boiling 

temperature of liquid nitrogen (-196.15 ºC; 77 K), using a fully automated volumetric 

adsorption system (ASAP 2000 from MICROMERITICS). 

Antibacterial activity tests 

To test the antimicrobial activity of the materials, strains of Salmonella typhimurium (ATCC 

14028) were used, which were reseeded and stored at 4 °C (277.15 K) to maintain viability. 

The minimum inhibitory concentration (MIC) and minimum bactericidal concentration 

(MBC) of the materials were determined as bactericidal. To determine the inhibition kinetics 

of the bacteria, the average MBC of the materials will be exposed to bacteria contained in 

tubes with trypticasein soybean. Samples were taken at different times and were seeded in 

Petri dishes with McConkey agar by the plate striatum technique. The plates were incubated, 

inverted at 37 ° C for 24 hours in an aerobic atmosphere, and colony counting was carried 

out. As a control, a plate with a culture without bactericidal material was inoculated at the 

beginning and the end of each test. 

RESULTS AND DISCUSSION 

Figure 1 shows the diffractogram for the sample Ag/Ti0.96Ce0.04O2, in this the crystalline 

phases of TiO2-Ce and the deposits of Ag are identified. The diffraction pattern shows that 

the TiO2 corresponds to the phase anatase with a minor fraction of the rutile phase. 
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Figure 1. XR Diffraction result from the sample Ag/Ti0.96Ce0.04O2 

 

The morphology of the materials is presented in Figure 2. Figure 2a shows the micrographs 

of Ti0.96Ce0.04O2 at 10000X; irregular particles with an average size of 0.5 nm and rough 

surface texture are observed, while the Ag/Ti0.96Ce0.04O2, observed a smoother rough surface 

texture, which can be attributed to the heat treatment at 400 °C (673.15 K) to which the 

sample was subjected for 3 hours. Figure 3 shows the quantitative analysis of the field shown 

in figure 2, using the Energy Dispersive X-ray (EDS) technique; it is observed that the peak 

with the highest intensity corresponds to titanium, located at 4.5 keV. 

 

 
Figure 2. SEM Micrographs (10000X) of samples: a) Ti0.96Ce0.04O2, and b) 
Ag/Ti0.96Ce0.04O2 

 

a b 
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Figure 3. Energy Dispersive X-ray (EDS) images of samples: a) Ti0.96Ce0.04O2, and 

b)Ag/Ti0.96Ce0.04O2 

 

The textural results (surface area and pore volume) obtained from the analysis of the N2 

isotherms at -196.15 ºC (77 K) have been evaluated using the BET equation, proposed by 

Brunauer, Emmett, and Teller (Brunauer, 1945). The results of these estimates are listed in 

Table 1. In turn, the mesopore size distribution has been evaluated by the Kelvin method (K), 

and the total pore volume is represented as the adsorbed volume close to saturation and it is 

calculated as the volume of liquid (Gurvitsch's Rule). According to the profile of the 

isotherms, they all correspond to a mesoporous solid; that is, the diameter of the pores is 

between 2 and 50 nm [17]. 

 

Table 1. Surface area, volume, and pore diameter values. 

Sample Surface area 

(m2/g) 

Pore diameter 

(nm) 

Pore volume  

(cm3/g) 

TiO2 130.99 5.68 0.236 

Ti0.96Ce0.4O2   183.76 10.152 0.466 

Ag/Ti0.96Ce0.4O2   182.76 8.72 0.398 

 

Bacterial resistance tests 

For bacterial resistance tests, MIC and MBC were determined according to NCCLS 

recommendations [18,19]. In the resistance tests, it is established that a MIC and MBC of 

5.5x10-3 (g/mL) of Ag/Ti0.96Ce0.4O2 is sufficient to inhibit the bacterial growth of Salmonella 

typhimurium, while for the determination of MBC it was considered a halo greater than 5 

mm as negative. 

Because the turbidimetric technique depends on the size of the bacterial cells as well as the 

presence of damaged cells [20], microbiological plating tests were performed to obtain 

a 
b 
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bacterial growth or inhibition curves. Table 2 shows the results of the average of 3 bacterial 

growth or inhibition kinetics tests at 0, 20, 50, 90, and 120 minutes of exposure of the bacteria 

in the materials at 37 °C (310.15 K), 30 rpm, and varying the pH. The plates were incubated 

inverted at 37 ° C for 24 hours under an aerobic atmosphere and the colonies were counted. 

As a reference standard, a plate was inoculated with culture without bactericidal material. 

 

Table 2. Colonies that survived exposure to the materials. 

Material 

/time (min) 

 pH=5±0.2 pH=6±0.2 pH=7±0.2 

0 20 50 90 120 20 50 90 120 20 50 90 120 

Standard 152 155 176 189 218 158 176 194 229 160 179 201 235 

TiO2 152 153 165 171 182 155 163 168 179 155 168 172 192 

Ti0.96Ce0.4O2   152 145 161 162 158 153 159 160 162 145 155 151 148 

Ag/Ti0.96Ce0.4O2   152 84 35 21 1 98 42 15 0 84 35 18 0 

 

Figure 4 shows the kinetic monitoring of the colonies that survived in the culture medium, in 

the presence of Ag/Ti0.96Ce0.4O2, for the case of pH 5.0 to 7.0. The amount of Ag/Ti0.96Ce0.4O2 

sample was 0.05 g per 18 mL of culture media. 
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Figure 4. Salmonella Typhimurium colonies that survived after the culture medium 

was in contact with Ag / Ti0.96Ce0.04O2. The pH ranges from 5.0 to 7.0. 

The results of the bacteriological monitoring of the exposed materials show that the reference 

standard grows throughout the experiment, which indicates that the bacteria were not stressed 

by the change in pH in the nutrient medium. Bacteria in contact with the materials TiO2 and 

Ti0.96Ce0.4O2 showed a bacteriostatic behavior for up to 90 min, after which they observed an 

increase in this behavior. It is observed that the combination of Ti-Ce does not increase the 

bacterial population after 120 min, unlike the exposure with only Ti.  

 

In solutions with slightly acidic pH, it is observed that the bacterial population has a slight 

tendency to decrease due to the effect of cerium, as reported by Soberk and Ta Iburt [15]. 
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The Ag/Ti0.96Ce0.4O2 material showed at all times the inhibition of the bacterium Salmonella 

Typhimurium, after 120 minutes this bacterium is eliminated. 

 

CONCLUSIONS 

From the experimental work of synthesis of a material based on TiO2, doped with CeO2, and 

covered with Ag, with the purpose to test its bactericidal effect against strains of Salmonella 

Typhimurium, the following conclusions are drawn: 

The textural results of the silver nanoparticles supported on Ti0.96Ce0.4O2, show the diameter 

of the pores in all samples ranges from 2 to 50 nm. The bacterial resistant tests show the 

combination of the elements Ti, Ce, and Ag in the Ag/Ti0.96Ce0.4O2 worked as a bactericidal 

material for Salmonella Typhimurium, and the silver content of 4% (w/w) was sufficient to 

inhibit bacteria. This could be because cerium and titanium break down the cell membrane, 

which makes silver easily interact with the nucleus of bacteria. 
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