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ABSTRACT 
Microbiology cell-staining wastewater was treated by UV/TiO2 thin films photocatalysis. A simple method of applying 
gravity sedimentation over glass–type substrate was used for the preparation of the films. The use of Na4P2O7, microwaves, 
and ultrasounds were studied for decreasing the TiO2 grain sizes on the films. It was established that the best method for 
reducing grain size resulted from a combination of Na4P2O7 (0.01M) and microwave radiation (700 W, 20 min).  The 
Films were characterized by several microscopic and spectroscopic methods. Anatase phase (gap energy of 3.2 eV) and 
grain sizes averaging 83 nm were achieved.  Photocatalysis tests using TiO2–films showed 99.5 % of decolorization, 79 
% TOC abatement, and total microbial inactivation after 14 h of treatment. No bacteria re–growth was found 48 h after 
the treatment was completed.

Key words: Bacteria, decolorization, mineralization, photocatalysis, wastewater.

RESUMEN
La fotocatálisis con UV/TiO2 usando películas delgadas fue empleada para el tratamiento de agua residual de microbiología. 
Se empleó un método simple de sedimentación por gravedad sobre sustrato de vidrio para la preparación de las películas. 
El uso de Na4P2O7, microondas y ultrasonido fue estudiado para la disminución de los granos de TiO2 en las películas. Se 
estableció que el mejor método para disminuir los agregados resultó de una combinación de Na4P2O7 (0.01M) y radiación 
de microondas (700 W, 20 min). Las películas fueron caracterizadas por métodos microscópicos  y espectroscópicos. Se 
obtuvo la fase anatasa (brecha de energía de 3.2 e.V) y tamaños de grano de 83nm. Los ensayos fotocatalíticos utilizando 
las películas de TiO2 generaron un 99.5% de decoloración, 79% de remoción de COT y una inactivación microbiana total 
luego de 14 h de tratamiento. No se encontró reactivación microbiana luego de 48 h de finalizado el tratamiento. 

Palabras clave: Agua residual, bacteria, decoloración, fotocatálisis, mineralización.
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1. Introduction

Alternative water treatment technologies such 
as Advanced Oxidation Processes (AOPs) have 
attracted worldwide attention as sustainable 
technologies, widely used for the removal of 
organic pollutants not treatable by conventional 
techniques due to their high chemical stability 
and/or low biodegradability (Bandala et al., 2008, 
Oller et al., 2011). Among AOPs, photocatalysis 
aligns with the “zero” waste scheme in water/
wastewater treatments, with a number of 
important features that have extended their 
feasible applications in water treatment including 
mineralization of refractory organic compounds, 
water pathogens and disinfection by-products 
(Chong et al., 2010, Foster et al., 2011). TiO2 as 
heterogeneous semiconductor is the most active 
photocatalyst under the photon energy of 300 nm 
< λ < 390 nm, with high efficiency, high physical 
and chemical stability, low toxicity, commercial 
availability and low cost (Carp et al., 2004, 
Chong et al., 2010, Gümüş and Akbal, 2011). 
The degradation of pollutants is achieved by 
the formation of hydroxyl radicals (•OH) highly 
reactive and non-selective and other reactive 
oxygen species (ROS) that mineralize compounds 
to carbon dioxide and water (Oller et al., 2011).

New achievements in TiO2 thin films have promoted 
its extensive application in photocatalytic water 
treatment mainly by avoiding agglomeration of 
the catalysis during operation. This methodology 
proved to more efficient, practical and with better 
disinfection efficiency that colloidal or particulate 
TiO2 suspension (Benabbou et al., 2007). At 
present, a limited number of methods are used 
to prepare TiO2 thin films that include chemical 
and physical techniques (Carp et al., 2004, 
Chong et al., 2010, Gümüş and Akbal, 2011). 
The sedimentation technique represents a feasible 
way to prepare TiO2 thin films due to its simplicity 
and low cost. However, a non-uniform substrate 
coating is obtained due to aggregate formation 
and uncontrolled surface morphologies caused 
by electrostatic attraction forces, which is highly 
detrimental in terms of particles size preservation, 
surface-area reduction, its reusable lifespan 
and a decrease in overall efficiency (Chong et 

al., 2010, Jiang et al., 2009). In view of this, a 
simple procedure of TiO2 thin films preparation 
was designed in order to reduce the formation of 
aggregates by combining certain parameters that 
could increase particle repulsion and stimulates 
mechanical destruction of agglomerates.

On the other hands, biological stains are used 
in laboratories. These chemical compounds 
are used continually in tests performed for the 
identification and diagnosis proposes. The dyes 
used in the staining process include triphenyl-
methane and azo-dyes such. Mordants and 
solvents are also used in different techniques like 
Gram staining. However, the collected liquid 
residuals after staining processes results in the 
formation of wastewater of high toxicity, presence 
of microorganisms, low light transparency and 
high organic carbon content (Sioi et al., 2006). 
Some of those compounds such as crystal violet 
and malachite green are known for being toxic 
and carcinogenic, causing health disorders 
like mutations, cytotoxicity, neurotoxicity, 
and chromosomal aberrations (Oplatowska 
et al., 2011). Due to the high toxicity and 
mutagenicity of these reagents, its degradation is 
an indispensable step before discharging or even 
recycling. This study focuses on the evaluation 
of a novel TiO2 thin film elaborated by a simple 
and inexpensive method and the degradation 
and disinfection efficiency in photocatalysis in 
real cell-staining microbiology wastewater. The 
degradation of organic matter reflected in total 
organic carbon (TOC) and color removal as 
well as bacterial inactivation of several existing 
microbial populations in the wastewater and the 
durability of the systems in post-irradiation events 
are evaluated.

2. Experimental

2.1 Wastewater samples and characterization

The wastewater comes from different microbiology 
laboratories where cell-staining techniques 
are performed constantly. It might consist of a 
combination of different triphenyl-methane dyes 
such as fuchsine and crystal violet, solvents and 
mordants like ethanol, acetone and lugol’s iodine as 
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reagents of Gram staining as the most extensively 
performed test in microbiology. Also, other 
organic compounds like malachite green, Safranin 
O, Congo red and methylene blue might also be 
present. Physical and chemical characteristics of 
the wastewater were determined. The analyses 
were carried out following the procedures outlined 
in Standard Methods (Table 1).

Furthermore, in order to approach the bacterial 
community structure of the wastewater, 
isolations in plating media were performed. The 
samples were analyzed for heterotrophic and 
coliform bacteria in Plate Count Agar and Violet 
Red Bile agar (Scharlau, Spain), Gram-positive 
cocci in Baird-Parker (Merk, Germany), bacilli 
in Starch Media supplemented with polymyxin 
B (Oxoid, England), and Pseudomonas spp. in 
Cetrimide (Scharlau, Spain). The colonies were 
counted after incubation at 35 °C for 24 h and 
the populations were enumerated and expressed 
as log 10 (CFU/mL). In addition, to estimate 
the presumptive evidence of the presence of 
Pseudomonas spp,. typical Pseudomonas-like 
colonies were examined under 360 nm ultraviolet 
radiation and a oxidase test strip was performed 
to the colonies that showed fluorescence (Oxoid, 
England). Likewise, representative colonies in 

Starch Media showing hydrolysis in the plates 
were selected and evaluated by Gram staining. 
Gram-positive amylolytic colonies were 
estimated to potentially belong to the Bacillus 
spp. genus. Finally, an analysis of aerobic 
endospores was performed (Standard Methods 
9218B). All samples were plated in duplicate 
and a microscopical characterization was carried 
out on the basis of Gram staining.

2.2 TiO2 thin films preparation and 
characterization

TiO2 USP Industrial grade was employed. 
In order to filter grain sizes (100 nm), this 
material was settled by gravity fourfold before 
use. In order to improve the effective surface 
of the films, in terms of aggregates formation 
(grain sizes), a number of experiments were 
performed establishing the best method for the 
films preparation (Table 2). A TiO2 suspension 
in deionized H2O was prepared (0.05 % w/v). 
The suspension was adjusted to different pH 
values (1.6 and 9.0) and Na4P2O7 (0.01 or 0.005 
M) was added. Then, the suspension was either 
microwave irradiated for 20 min (conventional 
microwave, 700 W) or sonicated for 5 min (90 

Parameter Units Values Method
Chemical Oxygen Demand 

(COD) mg/L 3750 ± 214 Closed reflux method 5222 
D

Biochemical Oxygen 
Demand (BOD5) mg/L 1693 ± 215 5-day incubation method 

5210 B
Total Organic Carbon 

(TOC) mg/L 623 ± 110 Heated-persulfate oxidation 
method 5310 C

Color Color Units 1891 ± 9 Spectrophotometric method

pH Units 3.22 ± 0.03 Electrometric measurement 
9040 C

Dissolved Oxygen (DO) mg/L 7.6 ± 1.97 Membrane Electrode 
Method 4500-O G

Electrical Conductivity 
(EC) mS/cm 0.805 ± 0.006 Laboratory method 2510 B

Settleable Solids (SS) mg/L 0.3 Gravimetric method 2540 F
Total Suspended Solids 

(TSS) mg/L 0.046 Gravimetric method 2540 D

Total Dissolved Solids 
(SDT) mg/L 0.062 Gravimetric method 2540 C

Table 1. Physical and chemical parameters of water quality in cell-staining wastewater.
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W, Fisher–Scientific FS20) (Jiang et al., 2009, 
Paušová et al., 2011). Films were elaborated 
using soda lime glasses (26 X 20 mm) as 
substrate, which were previously immersed in a 
solution of H2SO4/H2O2 (3:1 v/v) in order to clean 
the surface. Two layers of TiO2 were deposited 
on the substrate by simple gravity sedimentation. 
Films were thermally treated at 450 °C for 1 h. 

The films topography was analyzed using Atomic 
Force Microscopy (AFM) (Nanosurf Easy Scan 2 
AG) in contact mode, in order to establish the best 
conditions for photocatalyst preparation according 
to homogeneity of film surface. TiO2 thin films 
obtained by the chosen method were characterized 
by Scanning Electron Microscopy (SEM) in a 
JEOL JSM 6490–LV electron microscope. X–ray 
diffraction was measured in a Siemens D–5000 
diffractometer, employing an anode of Cu Kα. 
UV–VIS spectra was determined using a quartz 
tungsten–halogen lamp (240–800 nm) coupled 
with a mono–chromator (Acton Research spectral 
pro 775), interface Lab view software® was used 
to process the data. FT–IR measurements were 
performed in Shimadzu IR prestige 21 equipment 
using the KBr pellets method. Raman analysis was 
performed in Labram equipment (Internal laser of 
He–Ne of 20 mW, λ = 400 nm).

2.3 Description of the reactor and experimental 
procedure 

All photocatalytic experiments were carried out 
in quartz glasses (24.7 X 4.7 cm) used as batch-
type reactors with 0.250 L of effective volume. 
Two 15 W UV lamps emitting radiation at 254 
nm were used as the light source. The lamps 
were placed 5 cm away from the glasses. Each 
quartz glass contained 12 films of the selected 
method (12 mg of TiO2 each), the films were 
placed vertically and kept in dark for 30 min to 
reach adsorption-desorption equilibrium. The 
system operated at 120 rpm at room temperature 
during 14 h. Three control experiments were 
performed for the photocatalytic experiments: 
UV photolysis, TiO2/adsorption in dark and 
absolute control by triplicate.

2.4 Bacterial reappearance experiments 

The disinfection durability of the photocatalysis 
treatment was tested post-irradiation for total 
bacterial inactivation. After irradiation time, the 
water was kept in the dark and samples were 
taken at 24 h and 48 h and exanimated for the 
presence of heterotrophic bacteria, total coliforms 
and Gram-positive bacilli. 

Method pH Na4P2O7 (M) Equipment

1 9.0 0.01 Microwave 
(20 min)

2 9.0 0.01 Ultrasound (5 
min)

3 9.0 0.005 Ultrasound (5 
min)

4 9.0 0.005 Microwave 
(20 min)

5 1.6 0.005 Microwave 
(20 min)

6 1.6 0.005 Ultrasound (5 
min)

7 1.6 0.01 Ultrasound 
(20 min)

8 1.6 0.01 Ultrasound (5 
min)

Table 2. Experimental design for the selection 
of the best conditions for TiO2 thin films growth. 
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2.5 Analysis and statistical analysis

In order to evaluate the efficiency of the treatments, 
the % removal of organic matter; Chemical 
Oxygen Demand (COD), Total Organic Carbon 
(TOC) and Color Units (CU) were calculated. 
Pseudo-first-order rate constants k in min–1 were 
calculated for CU decrease and TOC abatement. 
The mineralization rate was characterized 
qualitatively in terms of TOC removal.

Absorbance spectra were obtained to determine 
the level of degradation of the wastewater. A 
UV-Vis spectrophotometer (Thermo Scientific 
Evolution 60) was used with a 1 cm quartz cell. 
To evaluate disinfection efficiency, the bacterial 
count was monitored in the three bacterial 
populations with the highest (Colonies Forming 
Units) CFU/mL isolated from the wastewater: 
heterotrophs, total coliforms and Gram-positive 
bacilli. Microbial inactivation is presented 
as percentage of inactivation. Assuming that 
the bacterial inactivation efficiency followed 
a pseudo-first order kinetics with respect to 
bacterial colony count (Nt), inactivation rate 
constants were analyzed.

The results obtained are presented in averages 
and standard deviations. A Shapiro-Wilk test for 
normality and Levene tests for homogeneity of 
variance were performed to verify data normality. 
Differences among measurements of removal 
and inactivation achieved by both treatments 
were assessed with One-way ANOVA (IBM 
SPSS® Statistics software version 20, Statistix 
9.0®) and a post-hoc HSD Tukey test. P < 0.05 
was used to determine statistical significance of 
the results obtained.
 
3. Results and discussion 

3.1 Wastewater characterization

3.1.1 Physical and chemical parameters 

The wastewater was intensely colored (1890.7 
CU), presented a considerable high organic 
content: the mean COD, BOD5 and TOC in the 
wastewater were 3750.8 mg/L, 1693 mg/L, and 

623.2 mg/L respectively. Other characteristics 
of the wastewater are included in Table 1. The 
results indicate that chemical substances such as 
dyes, mordants and solvents and others used in 
biological staining processes contribute highly to 
the pollution of this water.  Color and COD/BOD 
are the most obvious indicators of water pollution 
and the discharge of highly colored dye effluents 
is aesthetically displeasing and cause severe 
environmental problems (Chong et al., 2010). 
Together, with acidic pH makes this wastewater 
imperative to treatment before being discharged 
into sewage systems or consider its reuse. 

3.1.2 Microbial analysis 

The substances present in the wastewater are 
generally considered antimicrobial agents (i.e. 
Crystal violet, malachite green, ethanol, iodine 
etc.). However, a high bacterial population 
was found. Only four groups of bacteria were 
successfully identified. Overall the number 
of bacteria in each group was relatively 
high. Heterotrophic bacteria were the largest 
microbial population isolated (7.86 log CFU/
mL), followed by total coliforms (6.56 log CFU/
mL), Gram-positive bacilli (6.37 log CFU/mL) 
and Pseudomonas spp (4.71 log CFU/mL). The 
isolation of theses microorganisms from the 
wastewater indicates natural adaptation to survive 
to the conditions of this particular wastewater, 
toxic bactericidal substances including dyes and 
solvents, and acidic pH. The higher concentration 
of bacteria in the wastewater could be explained 
either by the formation of bacterial spores or by 
biofilms at the surface of the containers where the 
water is kept (Jefferson, 2004). 

However, no colonies were observed from all 
dilutions for spore analysis (< 10 spores/mL were 
obtained). Gram-positive bacilli spore-forming are 
the species of Bacillus spp. and Clostridium spp. 
Even though aerobic amylolytic Gram-positive 
bacilli were observed, it is likely that certain 
compounds present in the cell-staining wastewater 
like ethanol, acid, iodine and dyes as methylene 
blue inhibited its sporulation activity (Bohin et 
al., 1976, Kearns et al., 2005, Setlow et al., 2002). 
It has shown that in the spore forming bacterium 
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Bacillus subtilis the efficiency of spore formation 
can be reduced more than 100-fold by alcohol 
stress (Bohin et al., 1976). The general stress 
genes and the molecular mechanisms considered 
to be involved in the inhibitory effect of alcohol 
stress on sporulation in B. subtilis, has been 
previously studied (Gottig et al., 2005, Reder et al., 
2012). Likewise, spores can be photoinactivated 
by phenothizinium dyes such as methylene 
blue, toluidine blue O and dimethylmethylene 
(Demidova and Hamblin, 2005).

On the other hand, survival mechanisms including 
the formation of biofilm in Gram-positive and 
Gram-negative bacteria have been well studied 
(Andersson et al., 2008, Kearns et al., 2005). 
Organisms within biofilms can withstand nutrient 
deprivation, pH changes, oxygen radicals, 
disinfectants, and antibiotics making it possible 
to microorganisms to survive in given conditions 
of the cell-staining wastewater (Andersson et al., 
2008, Jefferson, 2004). It has been reported that 
certain species can induce biofilm formation of 
other bacteria without out-competing them, like 
B. cereus strong EPS producers could be used 

as anchors for attachment of adherence-deficit 
strains. Thus a wide range of species can survive in 
environmental challenging conditions that would 
not grow as pure cultures. A synergistic effect 
on metabolism and biosynthesis of non- or weak 
EPS formers such as E. coli can be seen when 
together formed a strong biofilm in wastewater 
medium (Andersson et al., 2008). Similarly, 
Pseudomonas aeruginosa is reported to form 
biofilm in dual cultures and usually found to be one 
of the dominating species, which could explains its 
relatively high concentration in the wastewater. 

The profile of isolated bacteria in cell-staining 
wastewater must be taken into consideration as 
these results can serve as a tool for the design of 
efficient photocatalytic systems in the disinfection 
and/or degradation of wastewater.

3.2 TiO2 thin film preparation and 
characterization

The AFM images of the evaluated combinations of 
variables (Fig. 1), suggest that method 1 (pH 9.0, 
Na4P2O7 0.01 M, 20 min of Microwave radiation) 

Figure 1. TiO2 thin films surfaces AFM images:  (A) Method 1, (B) Method 2, (C) 
Method 3, (D) Method 4, (E) Method 5, (F) Method 6, (G) Method 7, (H) Method 8.
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showed the best results in terms of substrate coating 
and decrease of aggregation of TiO2 particles over 
the substrate. This was due to the factors combined 
in the experiment.  Because of its isoelectric point, 
TiO2 is charged negatively at alkaline conditions, 
this caused charge repulsion between TiO2 particles 
(Konstantinou and Albanis, 2004). Additionally, 
at this pH, sodium pyrophosphate is ionized, 
increasing the medium ionic strength, which 
interferes with particle aggregation (Jiang et al., 
2009). Moreover, the electromagnetic field created 
by microwave radiation caused collisions between 
TiO2 aggregates leading to their fragmentation (Al-
Harahsheh and Kingman, 2004).

Once the method 1 for TiO2 thin films preparation 
was established, the films were characterized by 
microscopic and spectroscopic techniques. From 
Fig. 2-A it is observed that the higher frequencies 
of grain size ranged between 90 and 100 nm. The 
imperfection formed by the material can improve 
microbial inactivation since it can act as microscopic 
cavities, microorganisms, such as bacteria and 
yeast which average size are between 2 and 10 µm, 

could be trapped and potentially inactivated by 
the photocatalysis process. Affirmed that material 
structural defects associated with forms and different 
grain sizes can increase the number of catalytic sites 
(Acosta et al., 2005).

AFM high-resolution images showed that TiO2 
grains formed small aggregates between 4 and 5 μm 
in size. The films obtained from this methodology 
appear to be rough (136,34 nm ± 29,79, 39,18 µm2) 
(Fig. 2-B). This is an important aspect since it can 
facilitate bacteria adherence to the film allowing 
bacterial inactivation (Lin et al., 2008).

3.2.1 Spectroscopic analysis

Spectroscopic analysis was carried out in order to 
determine band gap energy and crystalline phase 
of photocatalysts. UV–Vis spectroscopy (Fig. 3-A) 
indicated that energy band gap corresponds to a 
3.2 e.V. (387 nm), which is related to anatase band 
gap energy (Gaya et al., 2009, Jin-hui, 2012). From 
XRD profiles one can observe diffraction signals for 
101, 004, 200, 105 and 211 crystallographic planes, 

Figure 2. (4a) Histogram on the grain size from SEM results, ImageJ® software was 
employed for measurements, (4b) AFM image of TiO2–films growth by method 1.
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indicating that anatase phase was predominantly 
found (Fig. 3-B). A broad IR signal between 500 
and 700 cm–1 has been related with Ti–O tension 
and associated with the presence of anatase phase 
(Fig. 3-C).  Moreover, in Fig. 3-D, Raman Spectra 
showed vibrational modes, which are assigned to 
the previously mentioned crystalline phase, in 148, 
199, 400, 519, and 639 cm–1 (Wang et al., 2011).

3.3 UV/TiO2 photocatalysis tests

3.3.1 Color removal and UV-Visible absorption 
changes 

The photocatalysis treatment achieved 99.5 
% (8.8 CU) of decolorization, while the UV 
photolysis control only 91.3 % (152.8 CU) and 

TiO2/adsorption in dark control 6.8 % (1,623.7 
CU) of color removal after 14 h. During the first 
7 h of treatment decolorization percentages were 
similar for photocatalysis and photolysis (87.3 %). 
Decolorization kinetic rate constants obtained were 
similar as well (k = 0.2346 min–1 R2 = 0.9963 and k 
= 0.2751 min–1 R2 = 0.9846, respectively) (Fig. 4-A, 
inlet). From Fig. 4-A, it is easy to show that photolysis 
is as effective as photocatalysis (p < 0.05) and, 
therefore, plays an important role in the degradation 
of dyes in the wastewater, similar results are found in 
the literature (Barka et al., 2008). Adsorption control 
experiment showed no significant adsorption of the 
dyes onto the TiO2 surface 

Comparing UV/TiO2  photocatalysis and 
photolysis from 7 h to 14 h, an increase in the 

Figure 3. Vibrational spectroscopy for TiO2. (A) FT–IR 
spectroscopy and (B) Raman spectroscopy. (C) Band–Gap energy 

determination by UV–Vis spectra (D) XRD for TiO2 thin films.
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percentage of color removal for photocatalysis 
can be observed. In agreement with TiO2 
photocatalysis systems in highly colored 
wastewater such as dye and textile wastewater, 
an efficient photocatalytic degradation and color 
removal can be achieved between UV/TiO2 
and photolysis. However, photo-oxidation and 
degradation efficiency in real dye wastewater 
depends strongly on the characteristics of the 
wastewater such as dye structure and other 
present organic compounds, irradiation time 
and UV lamp, etc (Al-Momani et al., 2002). 
It can be suggested that after 7 h of treatment, 
UV radiation could not penetrate effectively 
through the highly colored wastewater; hence, 
films were not successfully irradiated. Once the 
CU decreased and UV light reached the film 
surface, the wastewater was 100 % discolored 

by the photocatalysis treatment. It should be 
emphasized, that photolytic treatment showed 
high percentages of decolorization. This is an 
interesting fact since, to the author’s knowledge; 
triphenyl-methane dyes such as crystal violet in 
dilution has not been reported high decolorization 
rates through direct photolysis. The presence 
of other compounds such as solvents possibly 
contributed as electron donors under UV light 
irradiation.  

3.3.2 TOC abatement
     
According to analysis of TOC abatement 
measurements, a clear difference between 
treatments and controls can be observed in Fig. 
4-B. TiO2 photocatalysis resulted in a significant 
79.5 % of TOC mineralization, compared to 31.6 

Figure 4. (A) Wastewater decolorization by UV/TiO2  photocatalysis. Inlet: 
experimental data adjusted to pseudo-first-order kinetic model. (B) TOC 
abatement by UV/TiO2 photocatalysis. Inserts represent mean values of a 
complex sample. Inlet: data adjusted to pseudo-first-order kinetic model.
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% by the use of UV light after 14 h. However, the 
complexity of real wastewater, as the cell-staining 
wastewater here studied, containing several 
compounds and high microbial population results in 
a longer treatment time.  It is important to mention 
that TOC abatement was slower in comparison to 
decolorization, possibly the chromophore rupture 
and by-product formation could be involved in a 
slow TOC abatement. Similar results were reported 

by Li (Li and Li, 2001), who degrade methylene 
blue, reaching 43.7 % of TOC abatement after 2 h 
of treatment. The process followed a pseudo–first-
order kinetic (Fig. 4-B inlet). In photocatalysis, the 
k obtained value was higher (k = 0.197 min–1 R2 
= 0.9738) in comparison to photolysis (k = 0.0397 
min–1 R2 = 0.931) therefore; a faster organic 
matter mineralization was obtained with UV/TiO2 
photocatalysis. 

Figure 5. Microbial inactivation. A) Heterotrophic bacteria. 
B) Gram-positive bacilli. C) Total coliforms.
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3.4 Bacterial inactivation and post-irradiation 
events

The efficiency of the treatment in the inactivation 
of three mayor populations found in the water was 
evaluated. Photocatalysis inactivated 100 % of all 
population after 14 h of treatment. Heterotrophic 
bacteria were completely inactivated after 25 min 
(Fig. 5-A), total coliforms after 20 minutes (Fig. 
5-B) and Gram-positive bacilli were more resistant 
after 50 minutes of treatment (Fig. 5-C). The results 
showed the so–called shoulders in which bacteria 
repair the damage caused by reactive oxygen 
species (ROS). As the generation of hydroxyl 
radical progresses, is followed by an exponential 
decrease named tail, in which bacteria are no longer 
capable of self–repairing and eliminate intracellular 
ROS called “oxidative stress” leading to lysis of 
the cell and release of intracellular components 
(Chen et al., 2010).

The analysis of inactivation rate constants 
determined Gram-positive bacilli (k = 0.2677 
min−1, R2 = 0.9240) as the more resistant group to 
degradation by hydroxyl radicals, compared to total 
coliforms (k = 0.8744 min−1, R2 = 0.9946). The 
photocatalytic inactivation of bacterial groups has 
been widely reported; where the inactivation rate 
increases with increasing cell wall thickness thus 

hydroxyl radicals and other ROS are absorbed in the 
peptidoglycan layer lowering the number of radicals 
that damage the DNA (Pal et al., 2007, Rincón and 
Pulgarin, 2006). It has been reported that Gram-
negative bacteria can be easily affected by ROS. 
Water disinfection studies using TiO2 affirmed that 
comparing the Gram-negative bacteria E. coli with 
Staphylococcus aureus (Gram-positive), the latter 
appeared to be more resistant to the photocatalysis 
process (Kühn et al., 2003).  

Results of secondary reactivation are shown in 
Table 3. The photocatalysis experiment proved to 
be efficient in the degradation of microorganism 
since no bacterial growth was detected after 
24 h and 48 h in dark. Reactivation occur only 
after photolysis due to bacteria that lost their 
cultivability during irradiation time but activated 
resistance to stressful conditions and recover their 
cultivability when they were introduced into more 
favorable conditions (Benabbou et al., 2007). This 
effect has been reported by other researchers and 
attributed to bacterial UV-induced self-defense and 
activation of post-treatment recovery mechanisms. 
Hence, a bacteriostatic effect and activation of dark 
repair systems could be observed, reconstitution of 
cellular components and DNA such as those found 
in E. coli could occur (Benabbou et al., 2007, 
Rincón and Pulgarin, 2004).

Table 3. Bacterial reactivation test after photocatalysis treatment.

Treatment Microbial 
group

Method
UV/TiO2 UV

60 min of 
photocatalysis
(Log CFU/mL)

Heterotrophic 
bacteria < 1* < 1

Total coliforms < 1 < 1
Gram positive 

bacilli < 1 < 1

24 h after 
photocatalysis
(Log CFU/mL)

Heterotrophic 
bacteria < 1 2.49 

Total coliforms < 1 < 1
Gram positive 

bacilli < 1 2.35 

48 h after 
photocatalysis
(Log CFU/mL)

Heterotrophic 
bacteria < 1 4.93 

Total coliforms < 1 4.14 
Gram positive 

bacilli < 1 4,90

* < 1 means no bacterial growth detected.
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4. Conclusion

A simple TiO2 thin films preparation based on 
sedimentation and a combination of pH 9.0, 
Na4P2O7 0,01 M, and microwave radiation for 20 
min gave the best results with a uniform deposition 
on the substrate. Additionally, microscopic analysis 
showed that the higher frequencies of grain size 
ranged between 90 and 100 nm, and spectroscopic 
analysis indicates that the predominant crystalline 
phase in the material is anatase with gap value 
of 3.2 eV. The photocatalysis treatment leaded 
to 99.50 % of color removal and 79 % of TOC 
abatement in 14 h. As a result, mineralization 
was a slow process compared to decolorization, 
as it could be associated with the formation 
of transformation by-products. Likewise, the 
microbial population was totally inactivated in 
less than 1 h and no re–growth was found after 
48 h of treatment. This result indicates that the 
oxidative species developed at the TiO2 surface 
caused severe damage to the cells. Therefore, 
disinfection durability of the photocatalysis 
treatment was attained. 
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