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ABSTRACT The control of pathogens is of great importance to maintain quality of water for animal 
consumption, reduce the spread of pathogens in the environment and the transmission in the 
production chain. Titanium dioxide (TiO2) is an attractive nanoparticle in disinfection purpose due to 
characteristics of simplicity, low cost, and high effect under UV radiation. This study aimed at 
evaluating the effect of TiO2-coated materials on high density polyethylene and stainless steel and 
UV-A LED light in disinfection. These materials were selected since they are typical outdoor watering 
troughs materials in cow-calf farms. A first test was performed to evaluate the potential of the TiO2-
composites in the removal of methylene blue (MB) as an indicator of efficiency in the photocatalysis. 
A second test aimed at evaluating the potential of TiO2-coated materials in disinfection. The 
experimental setup was conducted on a photocatalytic reactor contained three 50 W lamps as UV-
A light source in a dark room. The TiO2-based materials were placed in petri dishes (7,62 x 7,62 cm) 
and filled with 90 mL of water at a concentration of 10 ppm MB or inoculated water with E. coli ATCC 
8739. The TiO2-coated materials were irradiated for a period of 8 h. There are statistically significant 
differences in disinfection between immobilization materials (SS, HDPE) and treatments (C-Light, C-
Dark, and Non-Coating) (p < 0.01). TiO2-coated stainless steel showed the highest inactivation of 
bacteria with 100% efficiency, while it was a re-growth of bacteria for the polyethylene material with 
and without coating. 
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INTRODUCTION Cattle production plays an important role in the agricultural sector in Quebec. In 
the animal sector, it ranks fourth in importance after dairy, swine, and poultry production. The cattle 
production system is categorized into two sectors: heavy veal production (cow-calf and 
backgrounding operation) and beef production (finishing operation). The cow-calf operation 
maintains breeding stock and suckling calves, then in the background the calves grow until 
weaning and includes two types of heavy calf production which are fed exclusively on milk or grain 
as a mixture of whole corn and protein supplement. The calves are sent to the finishing operation 
where they gain the market weight and includes feeder calves, steers, cull cattle and dairy calves. 
Quebec is the main veal-producing province with a 71% of national production, while beef 
production accounts for 5% (Les Producteurs de bovins du Québec, 2020). By 2021 annual bovine 
sales reported a total market revenue of $583 million. Cattle requires five key nutrients for optimal 
nutrition: energy, protein, vitamins, minerals and water, these factors influence in animal health, 
reproductive performance, lactation and are required for maintenance and growth (BCRC, 2021). 
The importance of water is demonstrated by the fact that it represents 69.5 to 71.6% of the body 
weight of the calf (Champan et al., 2017). Calves must have free access to all the quality water they 
will consume (Rossi 2017), since restricting water intake to less than animal requirement will 
reduce cattle performance (NRC, 2001). 

The presence of Escherichia coli O157:H7 (E. coli O157:H7) in the water of cow-calf water troughs 
is a potential factor that influences the increased probability of dissemination of the bacteria in the 
organism of the animal and in the environment (Andrew, 2009). Different integrated management 
protocols for pathogen control have been implemented without successful adoption by producers, 
such as cattle intervention with the use of probiotics, antibiotics, vaccines, diet changes and 
treatment of the water source (Beauvais et al., 2018). Chayer (2021) evaluated the quality of water 
in the source and in the troughs on cow-calf farms in different study regions of the province of 
Quebec (Capitale-Nationale, la Mauricie, la Chaudiere-Appalaches et la cote-Nord) and found that 
there is a problem of E. coli contamination in water troughs mainly due to the temperature and the 
concentration of bacteria in the water and suggesting that certain types of water trough materials 
might be preferable to use. Commonly used materials for the construction of water troughs are 
polyethylene, steel, wood, concrete and fiberglass (Agrifood-Canada, Davis et al., 2015). 
Therefore, implementing water treatment at the water trough level represents an opportunity to 
address the problem of persistent contamination of not only E. coli, but also a wide variety of 
zoonotic waterborne pathogens that are a problem to food safety, animal and public health, and 
environment (Li et al., 2013).  

The conventional methods implemented in small-scale water treatment to bacteria contamination 
represent a challenge due to the generation of disinfection by-products, the constant maintenance 
requirements, and the high energy consumption costs (Sharmin, 2019). Advanced oxidation 
process (AOP) is a promising technology for removing organic pollutants from water (Dulian et al., 
2020). This technology involves the in-situ generation of highly reactive oxygen species (ROS) that 
are used to the degrade complex mixtures of contaminants in water such as chemical contaminants 
and microorganisms, until they are completely reduced and mineralized to CO2, H2O and inorganic 
ions. (Kanakaruju et al., 2018., Xu et al., 2014). TiO2 nanoparticles (NPs) are one of the 
applications of AOPs as the nanoparticles are of interest in water disinfection because of its 
photocatalytic and antimicrobial effect, simplicity of use and low cost in the market (Yemmireddy et 
al., 2017). The objectives of this study were to determine the efficiency of the TiO2-coated 
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materials (stainless steel and high-density polyethylene), the influence of UV-A LED light and 
another parameter (bacteria concentration, and room temperature) in water disinfection. 

MATERIALS AND METHODS Two pre-test were performed to prepare the TiO2-coated 
materials. The first pre-test was to evaluate the photocatalytic efficiency of TiO2-composites in the 
removal of methylene blue (MB) solution as indicator. Two TiO2 composites were laboratory-
synthesized and heat-treated (TiO2 and Ag-TiO2) and one commercially available (P25 TiO2). A 
second pre-test was implemented to evaluate two methods of immobilization of the TiO2 
composites forming an epoxy resin coating on the study materials as TiO2-coated materials in a 
pre-disinfection test (SS: HDPE - M1, M2). A disinfection test (Stage III) was performed to evaluate 
the efficiency of the TiO2-coated materials (SS: HDPE - C), UV-A LED light (SS: HDPE – NC -
Light) and the influence of bacteria concentration and temperature in disinfection. 

Photocatalytic reactor. The experimental setup was conducted on a reactor installed at the 
Institut de recherche et de développement en agroenvironnement (IRDA, Quebec QC, Canada) in 
June 2021. The reactor consisted of one dark chamber with two compartments that was delimited 
by black plastic curtains to reduce light loss. One compartment was completely dark irradiated with 
UV-A LED lights (photocatalytic reactor) and the other one without the presence of light. 
Photocatalytic and disinfection tests were carried out in the photocatalytic reactor with three 50 W 
LED UV-A blacklight flood as a light source with a wavelength in the range of 365-390 nm. The 
TiO2 composites and coated materials were placed in petri dishes (101.6 mm x 101.6 mm) and 95 
mL of contaminated water sample was placed in the containers. The distance from the lamps to the 
surface of the solution was 9.5 cm.  

Material samples of typical watering troughs. High density polyethylene (HDPE) plates 
(76.2 mm x 76.2 mm) were provided by Les revetements agro and stainless steel (SS) 304 plates 
(76.2 mm x 76.2 mm) were obtained from Ryerson. The plates were used as substrates for the 
formation of the TiO2-coated materials. High density polyethylene plates were vigorously washed 
with water and detergent and rinsed with distilled water. Stainless steel plates were first degreased 
and cleaned using acetone, then were subjected to sanding. Surfaces were cleaned off the dust 
and any other impurities with acetone and washed with distilled water as a treatment prior to 
immobilization.  

Pre-test I. Synthesis and photocatalytic evaluation of TiO2-composites. TiO2 and Ag-
TiO2 composites were synthesized by sol-gel method utilizing titanium isopropoxide 97% (TTIP) as 

a starting material and ethanol as solvent. The precursor solutions were heat-treated at 500 C for 
1 h following the procedure described by Yu et al., (2011). The material obtained was then crushed 
with a mortar to obtain fine particles. P25 TiO2 (25 nm particle size, anatase: 80%, rutile 20%) was 
provided by Sigma-Aldrich. 0.7 g of TiO2 composite were vigorously mixed with 15 mL of ethanol 
for 3 hours to obtain a homogeneous suspension. Then the suspension was poured onto surface of 
HDPE plates and dried at 130 ˚C for 30 minutes to obtain a non-adhered film and evaporate the 

water and ethanol. After cooling by natural air flow 3 layers were applied (Eskandarian et al., 2016). 
By following the same procedure, Ag-TiO2 and P25-TiO2 composites were supported onto HDPE 
plates.  

Photocatalytic evaluation on TiO2 composites. The potential of photocatalytic activity of 
TiO2 composites was evaluated by the degradation of MB as a redox indicator under UV-A LED 
irradiation. The plates with the TiO2 composites were placed in petri dishes containing 95 mL of 
sample water at 10 ppm of MB and arranged in the photocatalytic reactor under the influence of the 
continuous light for activation for a period of 6h. Samples were taken at 1-hour intervals to measure 
the remaining MB concentration with visible light adsorption intensity at 665 nm by an Eppendorf 
BioSpectrometer. The concentration of MB was calculated according to Lambert-Beer’s law 
(Equation 1). 
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                                               η (100%) =
C0−C

C0
 𝑥 100%      (1) 

Where Co is the concentration before the reaction and C is the concentration after the reaction 
every hour during the experiment.  

Bacteria inoculation. Gram-negative bacteria E. coli (Strain ATCC 8739) was used to evaluate 
the bacteria inactivation of TiO2-coated materials. The bacteria stock was kept at -20 ˚C and after 
was inoculated in brain heart infusion (BHI) and incubated at 37 ˚C to late log phase. Then the 
inoculum was adjusted to 10^9 CFU/mL using optical density measurement until its absorbance 
was in the range reported for the McFarland’s standard at 660 nm (0.08 – 0.13). According to the 
absorbance the inoculum was prepared (Durango. et al., 2019). Desired bacterial density was 
prepared by spiking of inoculum onto 95 mL of 0.9% saline solution in each petri-dish.  

Pre-test II. Initial disinfection test and immobilization method. An initial disinfection test 
was carried out to select the most efficient immobilization method for bacteria reduction. Two 
immobilization methods with the use of a commercially available epoxy adhesive have been 
evaluated for the preparation of TiO2-coated materials. For the first method (M1), 0.5 mL of fast 
cure epoxy (PC-Clear) was poured onto each plate and spread with a putty knife over the entire 
surface. 0.7 g of TiO2-composite were sieved before complete hardening of the epoxy and cured in 
an oven at 70 ˚C for 24 h. In the second method (M2), TiO2-composite were spread with the help of 
the putty knife to create a rough surface. 95 mL of a 0.9% saline solution with an initial E. coli 
concentration of 10^4 CFU/mL was transferred to the Petri dishes represented as: HDPE: SS- M1, 
M2. The petri dishes were placed in the reactor under the influence of UV-A LED light for a period 
of 4.5 h. Samples were taken at 1.5-hour intervals to measure the concentration of bacteria. The 
average temperature during the test inside the photocatalytic reactor was 32.3 ˚C. 

Determination of the inactivation level.  For each plate disposed in a petri dish, serial 
dilutions (10^1, 10^2, 10^3) were performed in 0.1% peptone water and 1 mL of each dilution was 
spread plated on 3M petrifilm. The plates were incubated for 48 h at 35 ˚C and then the colonies 
were quantified to determine the remain bacteria concentration in the solution. Bacteria inactivation 
was calculated using the equation 2:  

                                                                              Log inactivation = Log (
Nt

N0
 )                                             (2) 

Where Nt is the colony count of the UV-LED irradiated sample and N0 is the colony count of sample 
before treatment. 

Disinfection test.TiO2-coated materials in the presence of UV-A LED light (SS: HDPE-C-Light) 
and in darkness (SS:HDPE-C-Dark) and non-coated materials in the presence of light (SS:HDPE-
NC-Light) were evaluated in disinfection. Bacteria inactivation was determined every 1.5 hours up 
to 6 hours and two hours later for 8 hours of treatment by pleated serial dilutions on 3M petrifilm. 
Two fans with icebox axGear were installed on the sides of the photocatalytic reactor to circulate air 
along the longitudinal axis at a speed of 5 m/s, the ambient temperature was kept at 26 ˚C 
throughout the disinfection test.  

Statistical analyses. Statistical analyses were performed in R V.4.2.0 free software. Data were 
analyzed using ANOVA followed by the LSD test. Results with p < 0.05 were considered 
statistically significant and p < 0.01 was considered highly significant. 

RESULTS 

Pre-test I. Synthesis and photocatalytic evaluation of TiO2-based composites. The 
photocatalytic activities of TiO2-composites were evaluated by the degradation of MB under UV-A 
LED light irradiation. The discoloration of MB under UV-A LED light in the presence is shown in 
Figure 1.  
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Figure 1. Degradation of the MB solution by uncoated material and TiO2- based composites: Ag-

TiO2, TiO2 and P25 TiO2 onto HDPE (n=4). 

The TiO2-composites exhibited a superior performance in the degradation of MB as the result of 
photocatalytic activity, the concentration of MB decreased because of its decomposition in the 
presence of the TiO2. Concentration of MB after 6 hours of treatment was significantly affected (p ≤ 
0.05). The P25 TiO2 and TiO2 were confirmed to the highest efficiency. The best photocatalytic 
performance was obtained for P25 TiO2 with 98% of MB decolorization after 4h and 99.9% within 
6h. Clearly the Ag-TiO2 showed the lowest photocatalytic activity with 30.4% of decolorization after 
6h. The lower efficiency compared to TiO2 treatments is due to a shielding effect caused by the Ag 
on the TiO2 surface which prevents light scattering and reduces photocatalytic activity.  

Pre-test II. Initial disinfection test and immobilization method. An initial disinfection test 
was carried out to select the immobilization method with the best disinfection performance. There 
are no significant differences in the immobilization treatments (M1, M2) (p = 0.281), and there was 
evidence of bacteria regrowth with temperature. The increase in temperature was due to heat 
emission from the lamps. Table 1 reports the disinfection efficiencies at 4.5 hours of treatment at an 
average temperature of 32.3 ˚C. The best disinfection performance was reported for M1 for both 
support materials with efficiencies of 55.2% for SS and 12.4 % for HDPE. The ASTM D 3359 
adhesion test was performed for the two treatments, and it was found that M1 presented the best 
adhesion to the substrates with a score of 4A, while M2 had a score of 3A (n=6). 

Table 1. Initial disinfection test efficiencies at 32.3 ˚C P25 TiO2 immobilized by M1 and M2 in 
stainless steel (SS+C+M1:M2) and polyethylene (HDPE+C+M1:M2) in triplicates (n=3). 

 

Treatment n 
C 

Removal efficiency 

(%) 

SS+C+M1 3 1.7 ± 1.6 55.2 

SS+C+M2 3     3.5 ± 0.7 9.9 

HDPE+C+M1 3 2.4 ± 2.1 37.9 

HDPE+C+M2 3 3.4 ± 0.6 12.4 
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Effect of temperature. There is a significant difference in disinfection at 3 hours of treatment of the 
TiO2-coated materials at temperatures of 32.3 ˚C and at room temperature of 26 ˚C (p < 0.01) 
(Figure 2). At the higher temperature there is no significant difference between the two coated 
materials, however, a regrowth of bacteria is evident in the TiO2-coated polyethylene.  At 26 ˚C of 
temperature efficiencies above 70% were established at 4.5 hours of treatment of TiO2-coated and 
non-coated materials in the presence of UV-A LED light. While with a temperature of 32.3 ˚C the 
maximum efficiency achieved at 4.5 hours was 55.2% of the TiO2-coated stainless steel. 
Temperature is a factor that influences disinfection as reported by Locas (2008). 

 

 

Figure 2. Degradation of E. coli bacteria solution by TiO2-coated materials under UV-A LED 

irradiation without fan (SS: HDPE -C- NF) at room temperature of 32.3 ˚C and with fan at 26 ˚C 

(n=3). 

Water disinfection. TiO2 based-coated materials were the result of the combination of P25 TiO2 
and M1 as immobilization method as the most efficient components reported in the previous 
results. TiO2 based-coated materials were used to study the photocatalytic inactivation of bacteria.  

Figure 3. illustrates the photocatalytic bacteria inactivation of the TiO2-coated and non-coated 
materials under UV-A LED irradiation, relative to that of the control (Dark), given the initial 
concentration in saline solution at controlled temperature of 26 ˚C. Results showed that both 
treatments TiO2-coated and non-coated materials with the presence of UV-A LED light were able to 
inhibit E. coli. In the absence of the UV-A LED light (Dark) the bacteria growth was normal. Notably, 
a marked disinfection efficiency occurred from the third hour onwards, however, after 3 hours there 
is a re-growth of bacteria for the polyethylene material with and without coating. The best treatment 
corresponds to the TiO2-coated stainless steel in which complete disinfection was achieved at 3 
hours and no regrowth was evident at the end of the test. In addition, the photocatalytic bacterial 
inactivation performance increased with the elongated UV irradiation time. The Bactericidal 
mechanism of TiO2 was proposed and explained by Sunada et al., (2015). The photo killing step is 
the partial decomposition of the outer membrane by strong reactive oxygen species (ROS) 
produced by TiO2. 
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Figure 3. Degradation of E. coli bacteria solution by TiO2 P25 coated materials (HDPE-C-Light, 

SS-C-Light), non-coated material (HDPE-NC-Light, SS-NC-Light) under UV-A LED radiation and 

coated materials in the dark (HDPE-C-Dark, SS-C-Dark) (n=3). 

The UV-A LED light irradiation alone evidences an influence on the removal of microorganisms in 
the water. Moreover, Figure 3 indicates that only the existence of UV-A LED light provides more 
chance for bacteria to exist and regrowth in the medium (Chen et al., 2010). Irradiation with UV-A 
light is known to induce selective oxidation of proteins and contribute to photo-inactivation where 
the protein damage pattern resembles the pattern caused by reactive oxygen stress (Bosshard et 
al., 2010). However, it is shown that E. coli as gram negative bacteria survives and remains 
infectious for extended periods (Shachar et al., 2006). Bacteria can repair DNA damage, even after 
UV inactivation, by mechanisms that occur even in the absence or presence of light (De Vietro et 
al., 2019). UVA/LED/TiO2 disinfection is an alternative that shows potential in residual disinfection 
effect and energy consumption (Xiong et al., 2013) with a better effect for stainless steel as a 
support material in which there was not bacteria regrowth. 

Fig. 4. shows that there is a greater logarithmic reduction of bacteria for the steel treatments with 
respect to the polyethylene treatments. The coating in the dark has no positive effect on reducing 
the number of bacteria and there are no significant differences in the growth of bacteria in the dark 
for TiO2-coated materials. 

There are statistically significant differences between immobilization materials (SS, HDPE) and 
treatments (C-Light, C-Dark, and Non-Coating) (p < 0.01). There is a significant difference between 
SS-Light and HDPE-Light without the presence of the coating (p = 0.0124), significant differences 
are also reported between SS-C-Light and HDPE-Light (p = 0.0014). There is no significant 
difference between SS-C-Light and SS-Light (p = 0.758). 
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Figure 4. Logarithmic reduction of E. coli at 8 hours of treatment by the TiO2 P25 coated materials 

(HDPE-C-Light, SS-C-Light), non-coated material (HDPE-NC-Light, SS-NC-Light) under UV-A 

LED radiation and coated materials in the dark (HDPE-C-Dark, SS-C-Dark). Each bar represents 

n=3 independent experiments with standard deviation. Treatments with the same letter are not 

significantly different (log reduction). 

Effect of Bacteria concentration. Table 2 shows the efficiencies for two groups of different initial 
concentrations. For the lowest concentration, the effect of light and the coating on the TiO2-coated 
stainless steel (SS+C) shows a removal efficiency of 100% at the end of the treatment. While for 
the TiO2-coated polyethylene (HDPE+C) presents a 18.8% higher efficiency with respect to the 
material without coating. At the highest concentration there is a greater effect of the coating for both 
materials, with the SS+C having a higher efficiency of 18.6% with respect to the SS, while for 
polyethylene there is a difference of 12.6% between HDPE+C and HDPE. 

Table 2. Disinfection efficiency of TiO2-coated materials (SS+C, HDPE+C) and uncoated 
materials (SS, HDPE) exposed to UV-A LED light for two initial concentrations: low concentration 
(10^3 CFU/mL) and high concentration (10^4 CFU/mL). 

Treatment  n 

low concentration (log10/mL) high concentration (log10/mL) 

Co  C Efficiency (%) Co  C  Efficiency (%) 

SS+C  3 2.9 ± 0.4 ND 100 4.1 ± 0.1  ND 100 

SS 3 3.0 ± 0.2 ND 100 4.1 ± 0.2 ND 81.4 

HDPE+C 3 2.9 ± 0.4 ND 100 4.0 ± 0.2  1.4 ± 1.3 63.9 

HDPE 3 3.4 ± 0.2 0.6 ± 1.1 81.2 4.2 ± 0.1 2.1 ± 0.3 51.3 
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There are higher efficiencies at lower concentrations, results also reported by Chen et al., (2010). 
The efficiency reported TiO2-coated materials for the concentration of 10^4 CFU/mL, reflects higher 
potential for disinfection than the use of UV-A light alone. Erdem et al., (2015) reported that at 
concentrations less or equal to 10^3 CFU/mL the inhibition rate of bacteria is independent of the 
initial concentration. The inhibition rate increases at initial concentrations between 10^4 and 10^9 
CFU/mL. 

CONCLUSION TiO2-composites were synthesized in the laboratory, the TiO2 composite obtained 
showed efficiencies like those established for commercial P25 TiO2. The TiO2 composites were 
compared and the best in the case of this study corresponding to P25 TiO2 that was immobilized 
on two support materials (SS, HDPE) to evaluate the photocatalytic degradation of MB solution 
under the influence of UV-A LED light. 

Immobilization method 1 (M1) presented the best adherence to materials and performance in a 
disinfection pre-test. The higher initial concentration of bacteria and temperature, reduce the 
disinfection efficiency. The TiO2-coated stainless steel (SS-C) showed the highest inactivation of 
bacteria with 100% efficiency after 3 hours of treatment with no evidence of regrowth at the end of 
treatment. While polyethylene as a material showed the lowest efficiency with re-growth peaks 
throughout the test and a maximum removal efficiency of 81.3 % in logarithmic reduction in the 
presence of the coating. 

The results show that TiO2-coated materials as well as UV-A LED light with a wavelength in the 
range of 365-390 nm can be used to degrade E. coli from a 0.9% saline solution given the 
conditions of this study. However, UVA-LED/TiO2 disinfection is an alternative that shows potential 
in residual disinfection in comparison to UV-A LED alone. Contributions off each effect on the 
improvement of disinfection needs to be investigated in the future.  
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