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Abstract: The antibacterial photocatalytic activity of TiO, supported over two types of substrates,
borosilicate glass tubes (TiO,/SiO;-borosilicate glass tubes (BGT)) and low-density polyethylene
pellets (TiO,-LDPE pellets), which were placed in a compound parabolic collectors (CPC) reactor, was
evaluated against Enterobacter cloacae and Escherichia coli under sunlight. Three solar photocatalytic
systems were assessed, suspended TiO,, TiO,/SiO,-BGT and TiO,-LDPE pellets, at three initial
bacterial concentrations, 1 x 10°; 1 x 10%; 1 x 10! CFU/mL of E. coli and total bacteria (E. cloacae
and E. coli). The solar photo-inactivation of E. coli was achieved after two hours with 7.2 kJ/L of
UV-A, while total bacteria required four hours and 16.5 kJ /L of UV-A. Inactivation order of E. coli
was determined, as follows, suspended TiO,/sunlight (50 mg/L) > TiO,-LDPE pellets/sunlight
(52 mg/L) > TiO,/SiOp-BGT/sunlight (59 mg/L), the best E. coli. inactivation rate was obtained
with TiO,-LDPE pellets/sunlight, within 4.5 kJ /L and 90 min. The highest total bacteria inactivation
rate was found for TiO; /sunlight (50 mg/L) and TiO,-LDPE pellets/sunlight (52 mg/L), within
11.2 kJ/L and 180 min. TiO, deposited over LDPE pellets was the most effective material, which can
be successfully used for water disinfection applications. Bacterial regrowth was assessed 24 h after all
photocatalytic treatments, none of those microorganisms showed any recovery above the detection
limit (2 CFU/mL).

Keywords: heterogeneous photocatalysis; supported TiO,; Enterobacter cloacae; Escherichia coli;
solar disinfection

1. Introduction

Recent research is focused on the use of advanced oxidation processes (AOPs) to disinfect water
while using solar energy [1-3]. AOPs are processes that involve the generation of strong oxidizing
and short life-time species, fundamentally hydroxyl radical *OH, which have a high redox potential
(2.80 eV). Nevertheless, bacterial inactivation mechanism by AOPs involves several reactive oxygen
species (ROS), including not only hydroxyl radicals, but also singlet oxygen or hydrogen peroxide.
The systematic mechanisms and triggers that conduct bacterial death by the use of AOPs still remain
unclear, and all points out that it depends on the type of photo-catalyst that is used [4,5]. Even in the
absence of any catalyst, the action of solar UV photons induces the generation of a series of ROS at
intracellular level producing both lethal and sub-lethal damages over bacteria [6]. Specifically, in the
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case of heterogeneous photocatalysis, it is widely accepted that the first place for oxidative damage
occurs in the external cell membrane of microorganisms [7].

TiO, is the most used material in these processes because of its high photocatalytic activity,
stability, and safety [8]. The efficiency of heterogeneous photocatalysis is based on the photo-activation
of TiO; (A < 385 nm). This photoactivation induces the generation of electron-hole pairs at the
semiconductor, an electron is promoted from the valence band to the conduction band (e™), generating
a hole (h*) on the valence band. Then, redox reactions in an aqueous medium produce reactive oxygen
species as hydroxyl radicals (*OH), superoxide radicals (O*-), and hydrogen peroxide (H2O,), via a
series of surface reactions, producing oxidative radicals that stress microorganisms to different target
sites (i.e., surface and cell wall), and thereafter producing lethal damages to them [1,2,9].

TiO; is usually used in suspension, nevertheless this kind of application has some disadvantages,
such as crowding, aggregation, and the later separation of the photocatalyst after the reactions from
the liquid phase to recover and reuse it in further photocatalytic applications. For this reason, a
number of contributions on the immobilization of the TiO, on a substrate have been developed [10,11].
TiO, can be supported on various inert substrates such as glass, polymers, quartz, and metals,
depending on the technique that is used for the impregnation process and photo reactor set up.
Coated materials generally have a lower active surface area with lower oxidation activity in comparison
with suspended TiO; [11,12]. Characteristics of the substrates, including porosity, mechanical,
chemical and thermal resistance, and photo corrosion should be considered, as they are key to
facilitate the adherence and effectiveness of the catalyst [13]. Among the catalyst immobilization
methods available, sol-gel [10,11,13], alkaline hydrothermal synthesis [14], the binding agent [15],
dip coating [16,17], deposition in a liquid phase [18], chemical vapor deposition [19], dispersion for
thermal encapsulation [20], and supported on polymers have been used [21].

Research on water disinfection have investigated supported TiO, on different substrates, including
glass tubes, where TiO, films over glass cylinders were prepared using the sol-gel method for
inactivating total and fecal coliforms [7] and Alteromonas sp. and Corynebacterium stationis [22].
TiO; Films of photocatalyst immobilized by dip coating over the inner of walls of glass reactors [15], as
well as in glass raschig rings were used to successfully inactivate E. coli [11,13,16]. TiO, supported on
glass nanotubes, nanoplates, nanorods, and nanospheres, as elaborated by the alkaline hydrothermal
method, were applied for the Fusarium solani treatment [11]. TiO, was immobilized on stainless steel
helical support by electrostatic spraying method to E. coli inactivation [23].

Polymers have been also used as substrates for the immobilization of TiO,. Low density
polyethylene (LDPE)-TiO; films were produced by an extrusion method for the degradation of
methylene blue and inactivation of E. coli [24] and by sputtered for 8 min with surface RF-plasma
and UV-C pretreatments applying in E. coli inactivation [25]. TiO, coating by heat treatment on
high-density polyethylene (HDPE) cutting board through [26] was evaluated for E. coli inactivation [27].
Staphylococcus aureus and Escherichia coli were treated using polypropylene/titanium dioxide (PP/TiO;)
nanocomposites that were prepared by the sol-gel method [28].

These supported catalysts are usually configured in static systems, including those that are
supported on raschig rings. TiO, has also been supported on flow systems such as polymer pellets
that allow the photocatalyst to have mobility within the reactor but immobilized over substrates, and
consequently allowing for an easy reuse after water treatment as well as easy recovery of the catalyst
for cleaning or disposal [20]. The efficiency of these TiO, supported systems have been evaluated for
the oxidation of organic compounds in water, nevertheless their photocatalytic activity for bacteria
inactivation is still unknown or scarcely studied.

The aim of this work was to evaluate the photocatalytic efficiency of TiO, (P25, Evonik)
immobilized on borosilicate glass tubes (BGT) and low-density polyethylene pellets (LDPE pellets),
as efficient, mobile, and versatile materials, when compared with suspended TiO, (P25, Evonik), in a
solar CPC reactor under natural sunlight, in the inactivation of E. cloacae and E. coli, as target bacteria.
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2. Materials and Methods

2.1. Chemicals

Commercial TiO, (P25, Evonik, Germany) (anatase/rutile = 80/20) with a mean particle size
of 20 to 30 nm was used for photocatalytic experiments with 3.8 g/cm? of density and 50 m?/g of
specific surface area approximately. Glycerin (USP) was used for thermal encapsulation and tetraethyl
orthosilicate (Si(OCyHs)y4, 99%, Merck, Germany), 2-propanol ((CH3),CHOH, 99.8%, JT Backer, USA),
hydrochloric acid (HCl, 36%, Merck), and sulfuric acid (H,SO4, 96%, Mallinckrodt, USA) for the sol-gel
method. Borosilicate glass tubes (BGT) (L =28 cm y d = 1.0 cm, TQ Laboratorios, Colombia) and
low-density polyethylene (LDPE) pellets (2 mm, DNDAS8320, Quimicos y Plasticos Industriales S.A.,
Colombia) were used as supports.

2.2. Bacterial Strains, Preparation and Quantification

Two bacterial strains were selected for photocatalytic tests, Enterobacter cloacae ATCC 13047 and
Escherichia coli ATCC 25922, which were spiked in distilled water. Enterobacter cloacae and Escherichia coli
strains were cultivated by an extension method in nutrient agar (Merck) and incubated at 37 4 0.5 °C
for 18 h to reach stationary growth phase. After 18 hours of incubation, the concentration of bacteria of
10° CFU/mL.

The water samples were filtered through nitrocellulose 47 mm filters with 0.45 m pore size
(Sartorius AG, Germany). The filter was placed on Agar Cromocoulth (Merck, Germany) and incubated
at 37.0 = 0.5 °C for 24 h. The samples with less content of bacteria were undiluted plated in petri
dishes at volumes of 500 L for a detection limit of 2 CFU/mL.

2.3. TiO,/SiO,-BGT

BGT was previously treated with HySO4 3 M to remove all the impurities that could migrate to
the film and act as a recombination center, reducing the photocatalytic activity of TiO, and hindering
the good adherence of the film [18]. A gel to obtain a silica matrix was prepared while using
tetraethyl orthosilicate, water and 2-propanol, with molar ratios of water:tetraethyl orthosilicate = 3
and 2-propanol:water = 3.5. Additionally, 0.3 mL of HCl 3 M was added as the reaction initiator,
according to the method to deposit TiO;, /SiO; layers on BGT by Granda et al. [29]. The gel was mixed
for 90 min and then it was aged for 24, 36, 48, and 60 h before starting film deposition. TiO, was
dispersed in the gel at 10,000 rpm. TiO,/SiO, films were supported on the tubes through a dip
coating procedure with a controlled speed at 15 cm/min. Afterwards, the supported tubes were
thermally processed (100 °C) for 4 h. Then, they were washed in distilled water to remove all of the
non-supported particles [29].

2.4. TiO»-LDPE Pellets

TiO, was dispersed on glycerin at a mass concentration of 12.5% w/w (sol). The sol was heated
up to 106 °C for the softening of the LDPE pellets and the system was shaken for 30 min, followed
by a cooling step to room temperature, according to the controlled-temperature embedding method
published elsewhere [20]. The layers of TiO, were deposited on the LDPE pellets, following the same
methodology and adding 0.6 g of the photocatalyst in the TiO, /glycerin system after each cooling step,
with the purpose of obtaining coated materials with 1, 2, 3, 4, and 5 layers. The coated LDPE pellets
were washed in cold water and dried at room temperature for 24 h, after each layer deposition process.

2.5. Characterization of Films

The morphology of coated films on BGT and LDPE pellets were characterized by scanning
electron microscopy (SEM) while using a JEOL JSM-6490LV microscope, Japan. TiO,-LDPE pellets
were analyzed by Fourier Transform infrared spectroscopy equipped with attenuated total reflectance
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unit (FTIR-ATR) using an IR Prestige-21, Shimadzu spectrometer, Japan, obtaining spectra ranging
between 4000 and 500 cm~!. The TiO2 amount coated per gram of pellet was determined through
thermal gravimetric analysis (TGA) using 20 g of pellets that were submitted to a temperature program,
between 25 °C to 1000 °C with a heating rate of 10 °C/min, where the residual weight corresponded
to the amount of coated TiO, over the pellet. The surface atomic Ti percentage on the BGT was
determined by energy dispersive X-ray spectroscopy (EDS), Japan, analyses performance in the JEOL
microscope described above, while coated TiO, amount was determined by atomic absorption analysis
(AA) in a thermo Scientific ICE Serie 3000 spectrophotometer, acetylene-nitrous oxide flame, after a
digested with hydrofluoric acid.

The mechanical resistance of the films in the systems TiO, /SiO,-BGT and TiO,-LDPE pellets was
evaluated through erosion tests while using a Ney Ultrasonik 57H. Both of the systems were immersed
in a solution of isopropanol-water 1:1 during 30 min under sonication and then dried at 25 °C for 24 h.
By weighing before and after sonication process, the weight loss of the film was determined.

2.6. Solar CPC Photo-Reactor

For solar photo-catalytic experiments, a solar compound parabolic collector (CPC) reactor was
used. The reflecting surface of the reactor is composed by a CPC built in 1 mm caliber, 25 cm wide,
and 12 cm high aluminum. An acrylic crystal tube transparent was use as photoreactor. The material
transmits 60—90% in the range 300—400 nm, with a cut-off wavelength of 290 nm. The tube, with
6 cm exterior diameter, 6 mm of thickness, and 60 cm of length, was placed in the focal line of the
CPC mirror. The immobilized photocatalytic materials were placed inside the photo reactor according
to their geometrical characteristics, i.e., 42 TiO, /SiO,-BGT (59 mg/L TiO,), and 650 g of TiO,-LEPD
pellets (52 mg/L TiO;) were packed. The CPC reactor was located on a supporting platform inclined 6°
with regard to the horizontal, in Medellin, Colombia, and connected to a reservoir tank. A submersible
pump at a flow rate of 11.7 L/min was used to recirculate the water (Figure 1). The reactor volume
was 3 L, the illuminated volume 0.9 L, and the solar collector irradiated area was 0.067 m?2.

Acrylic crystal tube

TiO; - LDPE pellets

TiOz/SiO; - BGT

Solar CPC mirror

Figure 1. Photoreactor: (a) solar compound parabolic collector (CPC) reactor; (b) TiO, /SiO,-borosilicate
glass tubes (BGT); and (c) TiO,-low density polyethylene (LDPE) pellets.

2.7. Solar Photocatalytic Disinfection Experiments

For solar photocatalytic tests, three types of photocatalytic system, suspended TiO,
TiO, /Si02-BGT and TiO,-LDPE pellets. Three initial bacterial concentrations, 1 X 105%; 1 x 103
1 x 10" CFU/mL of E. coli and E. cloacae, were evaluated. Initially, the microorganism suspensions
were placed in the reservoir tank and circulated for 15 min in the dark for homogenization. Prior to
solar exposure, the first sample was taken and the photo reactor was uncovered to start the
solar photocatalytic treatment. Samples of 10 mL were taken every 15 min for a period of 4 h.
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Temperature, pH, dissolved oxygen in water, and solar UV-A irradiance were monitored in situ during
the experiments.

The effect of the solar radiation, and the mechanical stress due to the movement of the LDPE
pellets in the viability of bacteria, at an initial concentration of 10> CFU/mL of E. coli and total bacteria,
were evaluated. The water pH varied from 6.1 and 7.2 during experiments, the temperature was below
35 °C and the dissolved oxygen varied between 7.1 and 8.2. These operating conditions have been
demonstrated to have no significant detrimental effect over bacterial viability [30].

The UV-A solar radiation was measured using an UV-A Solar Light Company, Inc. PMA2100
Version 1.19 radiometer, USA, placed by the photo reactor at an inclination of 6°, the same than reactor
inclination. Solar radiation was evaluated in terms of solar UV-A irradiance that is defined as the
surface rate at which the incoming solar radiant energy reaches the surface (W-m~2). The solar UV-A
dose received on the illuminated reactor surface (A;, mz), under a certain solar UV intensity (UV,
W-m~2), and the accumulated UV-A energy per unit of treated water volume (Quy, J-L 1), which is
frequently used for applications in solar reactors Equation (1) [8].

Quy = ZnUVq 1- % A (1)
t
where t,, is the experimental time for n-sample (seconds), UV,,_; the average solar ultraviolet radiation
that was measured during the period (tn—tn_1), A; is the illuminated collector surface and Vy, the
reactor total volume (L).

3. Results and Discussion

3.1. Characterization of TiO,/Si0,-BGT

Titanium percentages of TiO; /SiO; film immobilized over BGT were determined by EDS analysis
(Table 1). This analysis showed that the film obtained after 36 h of aging had the highest atomic
percentage of Ti incorporated (1.49%) into the silica matrix and the best adhesion to the BGT, with
only 0.01% of film losses. On the contrary, the lowest and highest aging times led to the lowest atomic
percentages of Ti incorporated into the silica matrix. Therefore, 36 h of aging time was the optimum
time for polymerization and it was selected for preparing the films of TiO, /SiO; on BGT. Additionally,
4.24 mg of TiO, was immobilized on each BGT.

Table 1. Atomic percentages of Ti and Si, determined by energy dispersive X-ray spectroscopy (EDS)
analysis, in TiO,/SiO;-borosilicate glass tubes (BGT), obtained after different time of the matrix
silica aging.

Hours of Matrix Silica Aging  Atomic % Ti  Atomic % Si

24 1.08 41.49
36 1.49 32.39
48 1.13 39.77
60 1.10 40.40

Figure 2a,b shows SEM micrographs of an unsupported BGT and TiO2/SiO2-BGT (36 h of
matrix silica aging), respectively. Although it can be seen small agglomerates of TiO,/SiO,, they are
homogeneously dispersed, indicating an effective coating of TiO,. These small agglomerates could
be attributed to a low speed of immersion of the tube into the TiO, /SiO;, solution during the coating
process, as has been reported by other authors [19,31]. On the other hand, EDS analysis (Figure 3)
confirms that O, Si, and Ti are homogenously distributed over the surface. In addition, the higher
concentration of Ti (Figure 3c) coincides with the found agglomerates in Figure 2b.
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20kv  X1,000 10pm

60pm ' TiKa1
Figure 3. EDS images of TiO, /SiO, films. Distributions of (a) O, (b) Si, and (c) Ti.

In the CPC reactor were located 42 TiO, /SiO,-BGT, organized in two packages in series with
21 tubes in parallel each one (Figure 1b), which was possible according to the capacity of the outer
structure of the reactor and the high UV transmittance of the glass tube, as well as the thickness of the
supported film that allowed for the path of the radiation to the catalyst located in the inner tube. A low
flow rate of 11.7 L/min was selected to permit a good contact of the fluid and the immobilized catalyst,
and therefore to allow for the contact or approximation of bacteria to the TiO, /SiO,-BGT surface
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3.2. TiO»-LDPE Pellets

Infrared spectra of LDPE pellets before and after impregnation are shown in Figure 4. In the IR
spectrum of LDPE pellet before impregnation (blue line) shows 2914 cm~!, 2851 cm~?, 1462 cm !, and
720 cm~! bands that may correspond to asymmetric stretching, symmetric stretching, and bending,
respectively, of the CH, groups of LDPE. On the other hand, in the FTIR-ATR spectrum of LDPE pellet
after impregnation (red line) the same bands and additional between 3700 and 3000 cm !, around
1600 cm~! and 960—500 cm ™! are observed. These bands belong to the stretching vibration of OH on
surface of TiO,, bending vibration of superficial adsorbed water molecules, and bending vibration
of O-Ti-O bond, respectively, indicating the successful coating of TiO; over the LDPE pellet [32,33].
The IR spectra peak around 1600 nm is related to the presence of TiO5.

120 4 ——LDPE Pellet
——LDPE Pellet + TiO,
110 4
= 100 -
X
o | —
c 90+ Ti-O-Ti
L) e
-E 1 £l —
2 80 4 CH,
o -
|_
10 =
1 CH,
60 Ti-O-Ti
] \_'_I
CH,
50 ) T : T J T ) T : T E T J |
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm-1)

Figure 4. Fourier Transform infrared spectroscopy equipped with attenuated total reflectance unit
(FTIR-ATR) spectra of bare pellet (blue line) and TiO,-LDPE pellet (red line).

Thermal analysis revealed that the largest amount of the TiO, coated over the LDPE pellets
was achieved in the first layer, and the amount of TiO, incorporated onto the pellets decreased
when the number of layers increased, as shown in Table 2. This behavior could be attributed to
changes in substrate properties when it is exposed to several heating cycles that are close to its melting
temperature [34]. Also, it is possible that TiO, particles, which were gripped on the pellet during the
first coating layer, could be released during the heating of subsequent coatings, giving, as a result,
less amount of TiO; on the pellets with more layers. Thermal analysis also showed that the first layer
contains 0.2374 mg of TiO; per gram of LDPE pellet, with only 0.1836% of coating losses. Other authors
have reported similar results and indicated that immobilized TiO, particles were greatly imbedded
and disperse well on the pellet when one layer was applied [17,23]. Therefore, TiO,-LDPE pellets that
were coated with one layer were selected to perform the photocatalytic experiments.
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Table 2. Percentage of TiO, weight loss and amounts of TiO; incorporated on TiO,-LPDE pellets with
a different number of layers.

TiO,-LDPE Pellets % Weight Loss mg TiO,/g LDPE Pellets

1 layer 0.1836 0.2374
2 layers 0.1974 0.1495
3 layers 0.2253 0.1412
4 layers 0.2679 0.1080
5 layers 0.2884 0.0914

A large number of TiO,-LDPE pellets were incorporated into the reactor due to its small size,
which allows for easily adapting these systems to different configurations or reactor geometries.
The density of the TiO,-LDPE pellets allows for their dispersion in the treated water, making their
mechanical behavior similar to the suspended photocatalyst. However, for very small flow, the
supported pellets have the tendency to move to the upper wall of the reactor; for this reason, it is
necessary to establish mechanical anchor systems to locate them in the bulk of the reactor.

SEM images of bare LDPE pellet and TiO,-LDPE pellet (one-layer) are shown in the Figure 5.
The TiO, particles are homogeneously dispersed over the surface of LDPE pellet with smaller
agglomerates in comparison to TiO, /SiO,-BGT. Additionally, an EDS analysis displays a homogeneous
distribution of titanium (Figure 6) on the surface pellet, confirming the homogeneous and successful
coating of TiO,.

X2,000 . 10pm

Figure 5. SEM Images of (a) bare LDPE pellet and (b) TiO,-LDPE pellet.

60pm ' CKa1_2 ' 60pm ' OKal

Figure 6. Cont.
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60pm ' TiKa1

Figure 6. EDS images of TiO,-LDPE pellet. Distributions of (a) C, (b) O, and (c) Ti.

Erosion test analysis was applied to both kind of substrates, TiO,-LDPE pellets and
TiO, /5i0,-BGT, in order to determine the stability of the coatings. The results exhibited that both of
the substrates have a good mechanical resistant after 30 min of sonication, showing a good stability of
the coating over the substrates. These results are similar to those reported by Velasquez et al. [20] and
Matsuzawa [35] for LDPE pellets and BGT, respectively.

3.3. Effects of Solar Radiation and Mechanical Stress on E. coli and Total Bacteria

The photoinactivation and the agitation of the unsupported LDPE pellets under solar radiation
in the CPC reactor quickly reduced the E. coli concentration during the first 60 min of radiation
(Figure 7). After this, inactivation slowed down and it was complete in 120 min with a total UVA
dose of energy per unit of volume of 7.22 KJ /L. As expected, total bacteria required more time and
radiation dose for complete inactivation (240 min and 20.45 KJ /L) under solar photoinactivation in the
flow water through the unsupported LDPE pellets, which is in agreement with other authors [2,10,16].
The inactivation profile of total bacteria during the process was slower than for E. coli. Furthermore,
Sichel et al. [30] and Van Grieken et al. [16] found similar results due to mechanical stress in reactors
in conditions of low osmotic pressure, i.e., within distilled water or in the absence of sufficient saline
concentration [17]. The experiments that were carried out in the dark without agitation did not
produce any inactivation of the bacteria, this permitted to discriminate any other effect than either
photo-inactivation or photocatalytic processes.

1.24 A
1.0
E =~ Photoinactivation E. coli
0.8
—@- Photoinactivation Total Bacterias
~[J= LDPE whitout supported E. coli
[« —Ml- LDPE whitout supported Total Bacterias
O 0.6 ~/\~Dark E. coli
o ~A\- Dark Total Bacterias
o
0.4 1
0.2 1
0.0 T T T T
0 60 120 180 240
Time (min)

Figure 7. Inactivation of total bacteria and E. coli in dark and under sunlight (photoinactivation and
mechanical stress caused by agitation of LDPE pellets).
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3.4. Photocatalytic Inactivation of Bacteria by Supported TiO, Films

Figure 8a,b shows the photocatalytic inactivation of total bacteria and E. coli under solar radiation
using 50 mg/L of suspended TiO,, 59 mg/L of TiO, /SiO,-BGT and 52 mg-L~! of TiO,-LDPE pellets.
Figure 8a shows similar photocatalytic inactivation results for total bacteria with suspended TiO, and
TiO,-LDPE pellets, achieving a viable bacterial concentration reduction of 4.9 log in 180 min of treatment
and 11.2 kJ /L of radiation. TiO,-LDPE pellets led to very similar disinfection results than the suspended
catalyst, which was the most efficient due to the optimum contact between bacteria suspension and
catalyst. This is in agreement with previous results that were published by Sordo et al. [36]; they found
that the use of the fixed-bed wall reactor using TiO, immobilized glass rings led to inactivation rates
that were quite close to that of the slurry reactor. The main advantage of using the TiO,-immobilised
pellets is the high efficiency for disinfection with easy catalyst recovery. This fact is also very important
in the operating costs of the solar photocatalytic treatment [17,37]. The TiO, /SiO,-BGT showed lower
efficiency, with a viable bacterial concentration reduction of 2 log with the 11.2 kJ /L. This behavior may
be related to a smaller available photo-active catalyst surface [14,17].

Time (h)
1 2 4
1 1 " 1 1
0w
o 14
£
£
2 2
=
"]
©
2 3
]
-
o
@
— -4-
i) B TiO,/LDEP pellets
|2 TIO/BGT -
Suspended TiO,
59 B Photoinactivation
T T T T T T T T T T T T T T T
0 3 6 9 12 15 18 21
Q,, (KJ/L)
(@)
Time (h)

E. coli (Log (N/No))

Bl LDEP supported

Suspended ]
B Photo-inactivation

BGT supported

DL=2 CFU/mL

s+
o 1 2 3 4 5 6 71 8

Q,, (KJIL)
(b)

Figure 8. Inactivation of 10° CFU/mL of (a) total bacteria and (b) E. coli with suspended TiO,,
TiO, /5i0,-BGT, and TiO,-LDPE pellets.
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The bacterial inactivation rates (k) based on the plot of Log(N/No) against solar Quy for all of the
experiments was determined. Three different kinetics models have been used to fit the experimental
data obtained: (I) Log-linear model, where the general expression of the Chick-Watson equation was
modified for the experimental conditions of this work, time is replaced by the amount of solar UV-A
energy received during the experiment per unit volume (Quy) Equation (2). (II) Shoulder + Log-linear
model, when the kinetics present a shoulder in its initial stage, followed by a linear behaviour up to
complete disinfection, as proposed by other authors for photocatalytic disinfection [32]. (III) Shoulder
+ Log lineal + tail; this modification we have used to interpret the kinetics that showed an initial
shoulder, a linear section, and a residual tail Equation (4) [38].

N
Logﬁ =—K * qu (2)
N 0 ; Quv < Qg
Log— = w 3
gNo { a— K *Quy ;Quy > Qq } ©)
N 0 /'qu < Ql
Logm = a— K" x qu; qu > Ql (4)

b ; Quv 2 Q

where N/Nj is the reduction in the concentration of microorganisms, k' is the kinetic constant
inactivation, and Quy dose is UV-A radiation received at the system per unit of time and volume. Q;
is the shoulder length, a is the logarithm of normalized concentration of microorganism at the point of
inflection of the curve and k” the kinetic constant in the linear section, b is the logarithm of the initial
concentration of microorganisms (Np) divided by the residual concentration of microorganisms (Nryes)
(region of the tail of the graph), and k'’ is the reaction velocity in the linear zone [38].

The photocatalytic experiments with the 10° CFU/mL total bacteria showed that TiO,-LDPE
pellets had a high photocatalytic efficiency, very close to that obtained for suspended TiO,, evidencing
high contact surfaces between TiO; and bacteria, Table 3. Results showed the same general tendency,
as reported by Gelover et al., 2006, in your disinfection experiments with 100 g immobilized TiO, in
small Pyrex-glass cylinders [10]. For E. coli (Figure 8b and Table 3), as expected, TiO; in suspension
showed the highest inactivation rate regarding the coated systems, traditionally attributed to a greater
catalyst-bacteria contact area, and also to a higher exposed surface area of catalyst available to generate
hydroxyl radicals [17,35,37]. E. coli achieved the complete inactivation (reaching the detection limit)
within 90 min of treatment with the coated systems, 4.5 k] /L of radiation for TiO,-LDPE pellets and
5.9 kJ /L for TiO; /SiOp-BGT. These treatments were more effective than solar photo-inactivation [1,2,10].
The inactivation observed by mere solar photo-inactivation showed the lowest kinetic, requiring at
least 4 h and 2.5 h to achieve the DL for total bacteria and E. coli, respectively. These results clearly show
that the presence of a photocatalyst, either supported or suspended, accelerates inactivation kinetics
rate constants at least twice (Table 3), and reduce the time required to treat the water (reached DL) to
1had 2h, for E. coli and total bacteria, respectively. These results cannot be directly be compared with
SODIS results, as this SODIS method is a protocol that requires not only solar exposure of bacteria to
solar radiation only, but also to maintain the small water volume (1.5—2 L) static stored for various
hours in a PET plastic bottle, as opposite to the reactor functioning on this work.
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Table 3. Kinetic data of Total bacteria and E. coli photocatalytic experiments with suspended TiO,,
TiO, /Si02-BGT, and TiO,-LDPE pellets.

TiO, Conc. 1 Shoulder Length Log 2 Lo
Treatment (mgL-1)  (CFU-mL—)) k (L-kJ7h) (g-L=1) (Nped) R Kinetic Model
Total Bacteria
Photo-inactivation 0 10° 0.22 £ 0.03 1.56 £ 0.01 - 0.966 Shoulder + Log Linear
TiO,-suspended 50 10° 0.47 £ 0.03 - - 0.967 Log Linear
TiO, /SiO,-BGT 59 10° 0.37 £0.01 3.27 £0.02 1'01Z)2i 0.997 Shoulder + Log Lineal + Tail
Ti0,-LDPE 52 10° 0.49 + 0.02 - - 0.970 Log Linear
pellets
E. coli
Photo-inactivation 0 10° 0.40 +£0.10 1.56 +0.01 - 0.946 Shoulder + Log Linear
TiO,-suspended 50 10° 1.50 4+ 0.10 - - 0.923 Log Linear
TiO, /SiO,-BGT 59 10° 0.46 +0.05 - - 0.954 Log Linear
TiO,-LDPE 52 10° 0.90 £ 0.04 = = 0.910 Log Linear
pellets

The most adequate kinetic model for treatment with TiO,/SiO,-BGT for total bacteria was
adjusted to the ‘log-linear’ preceded by a shoulder (stationary phase) and followed by a tail (residual
concentration), with Log(Nyes) value of of 1.17, corresponding to the residual bacteria that were left at
the end of the treatment in which the limit of detection has not been reached.

The solar photo-inactivation process led to the disinfection of both, E. coli and total bacteria,
following a shoulder and log-linear kinetic, which could be interpreted as the lag phase of the process
until the system receives the energy that is necessary for the microorganisms to start showing the
lack of viability as a result of the inactivation due to the self-protection mechanics of the bacteria.
This kinetics has lower values for the kinetic parameters as compared with other immobilised TiO,
systems. Similar results were found Helali et al. for E. coli while using suspended TiO, [39].

The TiO; load of 59 mg-L_1 on TiO, /S5i0,-BGT did not significantly enhance the disinfection rates
as compared with the 52 mg-L~! with TiO,-LDPE pellets, which showed a good fit to the Log-linear
model kinetics, due to the high contact area between TiO, and bacteria. However, the recovery of
TiO,-LDPE pellets was easy after the treatment, without any after treatment manipulation, which
is an important advantage from the practical point of view for the application of this system for
water disinfection.

3.5. TiOy-LDPE Pellets Efficiency at Different Initial Bacterial Concentrations

Figure 9a shows the efficiency of TiO,-LDPE pellets, under solar radiation, in the inactivation of
total bacteria and E. coli with different initial concentrations, 10°, 103, 10! CFU/mL. The inactivation
of total bacteria with an initial concentration of 10° CFU/mL was achieved with 11.6 kJ/L of
UV-A radiation, while for 103 CFU/mL, 8.9 kJ/L of UV-A radiation was needed; meanwhile,
10! CFU/mL required 4.2 kJ /L of UV-A radiation. The E. coli was more sensitive to the photocatalytic
treatment, requiring 4.9 kJ /L of radiation for a concentration of 10° CFU/mL, 2.9 kJ/L of radiation
for 10° CFU/mL and 2.3 kJ/L of radiation for 10! CFU/mL (Figure 9b). In both bacteria, disinfection
trends were similar and these results are analogous to those that were reported by other authors [40].
According to Craik et al., a fraction of the bacteria may hide from the radiation because of the
shielding effect that is generated by higher bacterial concentrations, therefore requiring longer exposure
treatments [41]. The results of this work confirm this theory. Table 4 shows the disinfection rates had
a similar behavior with the linear log adjustment model, which decreased k values for lower initial
bacterial concentrations. The highest kinetic constant was reached for suspended TiO; in both total
bacteria and E. coli.

Finally, bacterial regrowth tests were conducted for photo-inactivation and photocatalysis tests
within 24 h after the treatment. Positive regrowth of total coliforms and E. coli was found in water
treated by photo-inactivation, i.e., without catalyst; while the water that was treated by photocatalysis
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did not show any bacterial recovery at all in any of the photocatalytic experiments. Similar recovery
results were reported before by other authors, giving the real value of photocatalysis as process for
disinfection of water [2,10,14,17,40].
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Figure 9. TiO,-LDPE pellets (52 mg/L) efficiency in the inactivation of different initial concentration of
(a) total bacteria, (b) E. coli.

Table 4. Kinetic data of Total bacteria and E. coli photocatalytic experiments with TiO,-LDPE pellets.

Concentration

s g1 71 2 . .
Treatment TiO; (mg-L™") (CFU-mL—1) k(L-kJ71) R Kinetic Model
Total Bacteria
TiO,-LDPE pellets 52 10° 0.49 £ 0.02 0.970 Log Linear
TiO,-LDPE pellets 52 103 0.39 £ 0.03 0.974 Log Linear
TiO,-LDPE pellets 52 10! 0.22 £ 0.01 0.977 Log Linear
E. coli
TiO,-LDPE pellets 52 10° 0.90 £ 0.04 0.891 Log Linear
TiO,-LDPE pellets 52 103 0.89 £ 0.08 0.962 Log Linear
TiO,-LDPE pellets 52 10! 0.38 £0.10 0.936 Log linear

4. Conclusions

The most effective system for photocatalytic disinfection with solar radiation was TiO,-LDPE
pellets, with photocatalytic disinfection rates that are similar to slurry systems. This system is highly
functional because it is easily adapted to the reactor configuration; it is distributed as a dispersed
photocatalyst particles and it avoids the catalyst recovery stages, reducing the operational costs.

The optimum time for polymerization and preparing of TiO, /SiO, films on borosilicate glass tubes
was 36 h of aging time. Additionally, the thermal analysis revealed that the fist layer of TiO,-LDPE
pellets was the optimal layer for this kind of substrate.

The efficiency of photocatalytic treatment for total bacteria inactivation followed the
order, suspended TiO;/sunlight (50 mg/L) > TiO,-LDPE pellets/sunlight (52 mg/L) >
TiO, /Si0,-BGT/sunlight (59 mg/L) > solar photo-inactivation. For the E. coli inactivation, similar
order was obtained, but TiO,-LDPE pellets and TiO, /SiO,-BGT treatments showed a similar efficiency.
Regrowth of total bacteria and E. coli microorganisms were not observed 24 h after using any of the
photocatalytic treatments that were proposed in this work.
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