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In the present study, the photocatalytic activities of TiO, dip-coated self-compacting glass mortars
(SCGMs), in terms of air pollutant removal and bacteria inactivation, were investigated and compared.
TiO, dip-coated glass was used as the control to compare performance. Nitrogen oxide (NO) and Esche-
richia coli K12 were used as the target air pollutant and bacteria test strain respectively. In addition, the
weathering resistance of TiO,-coated samples was evaluated. In the case of NO removal, it is clear that no
significant difference between TiO, dip-coated glass and SCGM was observed, and both exhibited high NO
removal efficiency when condition 1 (C1, no weathering) was applied (for EtOH-mortar, up to
14.33 mg m~2 h~!). However, after a period of abrasive weathering, condition 3 (C3, abrasive process),
the NO removal ability of the TiO, dip-coated glass samples almost completely disappeared. In contrast,
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NO removal

Bacteria inactivation the NO removal ability of the dip-coated SCGM still remained high (for EtOH-mortar, 8.75 mg m—2 h~1). It
Coating appears that the porosity of the dip-coated SCGM surface contributed to favourable TiO, particles reten-
Weathering tion after the abrasion action. As for the antibacterial activity, a total inactivation of E. coli was observed

on the TiO, dip-coated glass and SCGM samples within 60 min of UV irradiation. The E. coli inactivation of
TiO, dip-coated glass was nearly negligible after the abrasion process (C3), whereas, the concentration of
E. coli remaining on the surface of TiO, dip-coated SCGM only dropped from about 10° to 10> CFU/mL. The
results suggest that the TiO, retained in the porosity of the dip-coated SCGM can still make a contribution
to the E. coli inactivation. Taking all the results into account, it can be concluded that photocatalytic bac-
teria inactivation is a more complex process and the results for photocatalytic activity of NO removal can-
not always be extrapolated to photocatalytic antibacterial activity.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction with building materials have been realized and their popularity

has been growing rapidly over the last decade [3-7]. In addition,

Air pollution is a major concern on a global scale. It has been
found that poor air quality is responsible for an increased risk of
respiratory infections and impaired lung function [1]. Nitrogen oxi-
des (NO,) generated from various combustion processes are per-
ceived to be one of the principal air pollutants [2]. Recently, the
outbreak of scarlet fever in Hong Kong, caused by mutant forms
of Escherichia coli, has claimed several children’s lives. Obviously,
poor hygiene conditions in the living environment are mainly to
blame. Cement-based materials are used commonly in our living
surroundings, such as paving blocks, cement mortars, exterior tiles
and concrete. The search for better performing construction and
building materials is a never-ending pursuit for researchers and
manufacturers around the world. Thanks to advances in photoca-
talysis science and technology, as well as in nanotechnology, prod-
ucts made with a combination of heterogeneous photocatalysis
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this photocatalytic cement-based material has been adopted as a
promising and effective material to mitigate air pollution.

The advantages of employing cementitious materials as sup-
porting media for the photocatalyst are manifold [8]. Due to their
strong binding properties, cementitious materials can immobilize
photocatalyst powders within their matrices. Furthermore, the
porous structure of the hardened cement pastes helps the incorpo-
rated photocatalyst particles to come into bind with the target pol-
lutants to facilitate the photocatalytic conversion. In addition,
titanium dioxide (TiO;) displays the desired properties as an effi-
cient photocatalyst, such as low price, non-toxicity, physical and
chemical inertness, and most importantly, high photocatalytic effi-
ciency. A large volume of work has been devoted to the research of
TiO, induced photocatalysis [9-13], and the mechanisms underly-
ing TiO, sensitized heterogeneous photocatalysis are well under-
stood. In general, a TiO, mediated photocatalytic reaction can be
summarized as follows [6,14]: when TiO, is exposed to UV irradi-
ation, it can absorb photons with energies equal to or larger than
its band gap (3.2 eV, anatase). Subsequently, electrons (e™) in the
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valence band are promoted to the conduction band, leaving posi-
tive holes (h*) in the valence band. The electron-hole pairs may
recombine in a short time or further react with pollutants adsorbed
on the TiO, surface directly or indirectly.

Therefore, at present TiO, is the most preferred photocatalyst
added to cement-based building materials. From an economical
perspective, it could significantly reduce operation and mainte-
nance costs considering that only solar light is required as a driving
force to realize its photocatalytic reaction. Up until now, the most
intensively studied field of the application of cementitious photo-
catalytic TiO, material is related to air purification, especially for
NO, and VOC removal. Hiisken et al. [15] carried out a comparative
analysis of different photocatalytic cementitious products under
laboratory conditions. They pointed out that the efficiency with re-
spect to NO, degradation varied significantly, with some products
achieving 40% degradation whereas others showing almost no ef-
fect. Hassan et al. [16] investigated the NO, removal efficiency of
different substrate concrete samples with various amounts of
TiO, before and after laboratory-simulated abrasion and wearing.
Interestingly, their results showed that wearing of the specimens
with 5% TiO, resulted in a small decrease in NO removal efficiency,
while the samples with 2% TiO, displayed slightly improved NO re-
moval efficiency; however, no explanation was given. The degrada-
tion of VOC by photocatalytic cementitious materials has also been
demonstrated by several laboratory studies [6,17]. Strini et al. [17]
measured the photodegradation of organic compounds (at ppb le-
vel) at the surface of photocatalytic materials using a stirred flow
reactor with 50% RH and a 100 mL min~" flow. They observed that
the photocatalytic activity of pure TiO, samples was three to ten
times greater than for the cementitious sample prepared with
the incorporation of 3% catalyst. The decomposition rate of BTEX
was linearly dependent on the concentration of the reactant and
the intensity of the irradiation. However, the catalytic activity
was not linearly dependent on the TiO, content in the samples
probably because the formation of catalyst clusters in the cemen-
titious paste was influenced by the different viscosity of the paste.
Demeestere et al. [6] studied the potential of using TiO; as a pho-
tocatalyst in building materials, i.e. roofing tiles and corrugated
sheets, for the removal of toluene from air. It was reported that a
toluene removal efficiency of 78 +2% and an elimination rate of
higher than 100mgh'm™2 were obtained under optimal
conditions.

Despite the fact that there is a large volume of work studying
the air purification ability of cement-based photocatalytic materi-
als, to our knowledge, few studies have focused on their photocat-
alytic bacteria inactivation. A detailed investigation is necessary to
evaluate the correlation between photocatalytical chemical oxida-
tion and microorganism inactivation.

It also should be noted that the predominantly adopted TiO,
adding method is intermixing it into various building materials.
From a practical perspective, this is understandable considering
that this method renders the embedded nano-TiO, particles pro-
tected by the cementitious materials and can withstand harsh
and aggressive environments in which they are put to use. How-
ever, the down side is that not all of the initially added TiO, parti-
cles in the resulting products can be fully exploited (i.e. fulfill their
expected photocatalytic activities), because the nano-TiO, particles
may be encapsulated by the hydration cement products. As a con-
sequence, a significant loss of photocatalytic activity is observed
with age. Rachel et al. [18] pointed out that TiO,—cement mixtures
and red bricks containing TiO, were significantly less efficient than
TiO, slurries in decomposing 3-nitrobenzenesulphonic. It is
thought that the reduction of active surface and the presence of io-
nic species, which contribute to the charge recombination, are the
reasons for the catalytic activity loss. Lackhoff et al. [19] stated that
the carbonation of TiO, modified cements lead to a noticeable loss

in catalytic efficiency over several months because of the changes
in cement surface structure. Recently, our group [20] compared the
photocatalytic conversion of nitrogen oxides and toluene removal
potentials of TiO,-intermixed concrete surface layers. The results
demonstrated good NO removal but no photocatalytic conversion
of toluene was observed. A conclusion drawn from these results
is that the transport of photons and surface diffusion of reactants
are inhibited by the protective cementitious coatings surrounding
the photocatalyst particles in the case of TiO,-intermixed cement
mortar samples. Subsequently, photocatalytic activity is seriously
impaired. More recently, our group further studied the photocata-
lytic activities of nano-TiO,-intermixed self-compacting glass mor-
tars for NO removal and E. coli inactivation. Despite the NO
removal ability, no detectable inactivation ability of E. coli was ob-
served for all samples under the same UV irradiation. Instead of
intermixing TiO, into the cementitious materials, Ramirez et al.
[21] prepared photocatalytic concrete samples by dip-coating
and sol-gel methods and it was found that high toluene degrada-
tion efficiencies were obtained on the TiO, dip-coated samples.

Based on the information gathered from previous studies, it
seems that the method, whereby TiO, is added to the substrate
materials, plays a vital role in determining the photocatalytic activ-
ity of the resulting products. Generally, intermixing TiO, into the
substrate materials results in a lower photocatalytic activity, while
the dip-coating method enables better photocatalytic properties. It
is obvious that relatively extensive exposure of the active sites of
photocatalysts to the reactants (pollutant) is realized by dip-coat-
ing the photo-catalyst onto the substrate materials. Therefore, it
raises the question whether the loss of bactericidal ability is due
to the significantly reduced photocatalytic activity caused by the
intermixing method and whether dip-coating TiO, onto mortars
realizes photocatalytic antibacterial ability. In the present study,
we hope to provide answers to these questions by evaluating and
comparing the photocatalytic NO degradation and bacteria inacti-
vation performances of TiO,-coated glass and mortars, obtained
by two different dip-coating methods. Such a comparative study
may offer clues about the significance of the TiO, addition method
and may reveal the critical parameters influencing the associated
photocatalytic activity.

2. Experimental details
2.1. Materials and sample preparations

In all the experiments, a commercially available nano-TiO,
powder (P25, Degussa) was used as the photocatalyst. The particle
size of the TiO, was 20-50 nm, with a specific BET surface area of
50+15m?g~!. White ordinary Portland cement (WC, TAIHEIYO
Cement Corp., Japan) and metakaolin (MK) were used as the
cementitious materials. In order to prepare the nano-TiO,-based
architectural cement mortar in this study, a self-compacting-based
approach for decorative application was chosen [22,23]. Crushed
recycled glass (RG) derived from post-consumer beverage glass
was used as fine aggregates in the SCGM. The post-consumer bev-
erage glass used was sourced from a local eco-construction mate-
rial company. Prior to their experimental use, all the discarded
light green glass bottles were washed and then crushed by a
mechanical crusher, followed by sieving to a particle size of less
than 5 mm.

Self-compacting glass mortars (SCGMs) with 50 MPa compres-
sive strength (28th day) were prepared using a mix proportion of
0.8:0.2:2.0:04 (WC:MK:RG:water). In order to investigate the
effectiveness of TiO, on the photocatalytic activities of the mortar,
a 5% (by cementitious mass) dosage of nano-TiO, as an addition to
the mixture was used. To obtain the targeted mini-slump flow
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value of 250 + 10 mm for self-compacting mortar as per EFNARC
[24], an additional 1.14% (by cementitious material mass) of
superplasticizer was added. The procedure for the preparation of
the SCGM specimens was as follows. First, all the proportioned
materials were mixed uniformly for about 5 min using a mechan-
ical mixer. Then the specimens were cast using the self-compact-
ing approach, demoulded and cured in a water tank at a
temperature of 27 +2 °C for 28 days. For each batch of SCGM,
@75 x 150 mm cylinder specimens were cut into 10 mm thickness
discs using a mechanical diamond saw to examine the photocata-
lytic activities. Additionally, the porosity of substrate SCGMs was
measured based on the ASTM C1202 Vacuum Saturation Method.

Though the TiO, dip-coating technique is not appropriate for
mortars from a viewpoint of practical applications, the comparison
between the dip-coating and intermixing techniques will give a
good starting point for further examination of similar systems. In
order to prepare the TiO, dip-coated glass and SCGM, two methods
were adopted. The substrate materials were first cleaned by soni-
cation in acetone, ethanol and distilled deionized water (DDW)
for 30 min, respectively. In the first TiO,-coating technique, the
substrate materials were dip-coated with a TiO, film. The TiO, sus-
pension was prepared from a 25 g/L P25 ethanol suspension with
the addition of 25 g/L glycerol. The prepared suspension was stir-
red for 15 min, before the substrate materials were dipped into it
(for 5min). After that, the TiO,-coated glass (EtOH-glass) and
SCGM (EtOH-mortar) were calcinated at 450 °C for 120 min to burn
off the organic materials so that the TiO, film could be bonded to
the substrates.

It is known that high temperature has a negative impact on ce-
ment-based mortar. Besides, from an economic perspective and for
easy manipulation, another coating method, capable of being per-
formed at a lower temperature, was adopted. First, a suspension of
methanol and P25 (25 g/L) was prepared. Afterwards, the glass
(MeOH-glass) and/or mortar (MeOH-mortar) were dipped into
the suspension for 5 min, followed by oven-drying at 60 °C for
120 min. The sample IDs and experiment testing descriptions are
listed in Table 1.

2.2. Weathering conditions for TiO»-coated samples

TiO, dip-coated samples were subjected to three different
weathering conditions (Table 2). Condition 1(C1) comprised nor-
mal (control) weathering conditions under which no additional
treatment was applied to the samples. In condition 2 (C2), all the
samples were washed using 500 mL of deionized water at a time
to simulate raining conditions. The samples were positioned at
an inclined angel of 45° and the deionized water was allowed to
run over them. The “raining” cycle was repeated 10 times. Follow-
ing this, condition 3 (C3), an abrasive process, was applied to all the
samples. In this process, a wet cotton towel was used to scrape the
surface containing the TiO, layer by a manually applied back and
forth motion for 20 cycles to simulate wearing of the nano-TiO,
coating layer. The photo-catalytic activities of the samples (NO re-
moval and antibacterial abilities) were examined before and
immediately after each weathering process.

Table 1
Samples prepared for NO removal and bacteria inactivation tests.

2.3. Bacterial strains and culture conditions

A UV-resistant E. coli K12 was used as the test strain in this
study, which is a gram-negative bacterium widely selected as a
model microorganism in many photocatalytic bactericidal
experiments.

E. coli K12 was sub-cultured and maintained on nutrient agar
plates. To prepare the bacterial cultures for the experiment, single
colonies were isolated from the nutrient broth agar plate cultures
and used to inoculate 50 mL of the nutrient broth liquid media
(pH 7) in a 250 mL flask. Then the flask was incubated at 37 °C
for 18 h in an orbital incubator set at 150 rpm. To eliminate broth
medium, the cells were harvested by centrifugation at 4000 rpm
for 5 min. After this, the treated cells were washed, re-suspended
and diluted to the targeted concentration of about 1 x 10° colony
forming units (CFU)/mL in sterilized 0.9% (w/v) sodium chloride
solution. All the equipment and materials were autoclaved at
121 °C for 15 min before the experiment to ensure sterility.

2.4. Photocatalytic conversion of NO

2.4.1. Reactor setup

The reactor was made according to the specifications of JIS
R1701-1 with slight modifications. The dimension of the reactor
was 700 mm in length, 400 mm in width and 130 mm in height.
Testing samples were placed on a rack at the centre of the reactor.
Two UV-A fluorescent lamps (TL 8W/08 BLB, Philips, Holland) were
positioned parallel to each other on the glass cover of the reactor to
provide UV radiation. The wavelength of the lamps ranged from
300 to 400 nm with a maximum intensity at 365 nm. The distance
between the lamps and the reactor was adjusted to achieve the re-
quired intensity. The UV intensity was measured by a digital radi-
ometer equipped with a DIX-365A UV-A sensor (Spectroline DRC-
100X, Spectronics Corporation, USA). A zero air generator (Thermo
Environmental Inc. Model 111) was used to supply a constant clean
air flow. The testing gas was a mixture of zero air and standard NO
(Arkonic Gases, Hong Kong). The humidity in the reactor was con-
trolled by passing the zero air stream through a humidification
chamber. The NO concentration was continuously measured using
a Chemilluminescence NO analyzer (Thermo Environmental
Instruments Inc. Model 42¢, USA). A thermometer, a humidity sen-
sor and an adjustable rack supporting the specimens were placed
inside the reactor. The reactor was completely sealed with no
detectable leakage. A schematic diagram of the experimental setup
for this study is shown in Fig. 1.

2.4.2. Testing protocol

All experiments were carried out at ambient temperature
(25 + 3 °C). The flow of the testing gas (1000 ppb NO) was adjusted
by two flow controllers to a rate of 3L min~! and the relative
humidity (RH) was controlled at 50 £ 5%. The UV intensity was
10 W m~2 at the centre of the reactor. Prior to all photocatalytic
conversion processes, the testing gas stream was introduced to
the reactor in the absence of UV radiation for at least half an hour
to obtain the desired RH as well as gas-solid adsorption-desorption

Sample ID Description

Mortar without TiO,
Mortar with 5% TiO,

Self-compacting glass mortar (SCGM) without TiO,
Self-compacting glass mortar (SCGM) intermixed with 5%TiO, (by cementitious mass)

Glass Reference glass without TiO, coating

EtOH-glass
MeOH-glass
EtOH-mortar
MeOH-mortar

Glass dip-coated with TiO, suspended in ethanol and glycerol solution, calcinated at 450 °C for 120 min
Glass dip-coated with TiO, suspended in methanol solution, oven-dried at 60 °C for 120 min

Mortar dip-coated with TiO, suspended in ethanol and glycerol solution, calcinated at 450 °C for 120 min
Mortar dip-coated with TiO, suspended in methanol solution, oven-dried at 60 °C for 120 min
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Table 2
Three different weathering conditions.

Weathering condition Description

Condition 1 (C1)
Condition 2 (C2)
Condition 3 (C3)

A normal (control) weathering condition with no additional treatment
Rain simulating condition in which samples were washed by deionized water (500 mL for 10 cycles)
Wearing simulating condition in which samples were scraped by of a wet towel applied manually (20 cycles)

1 Zero air generator
3 NO standard gas

5 Testing piece

2 Humidifier
4 Reactor

6 Light source 7 NOx analyzer

A N

6
5
4

[ J|o
—
7

A

Fig. 1. Schematic diagram of NO removal experimental setup.

equilibrium. Then the UV lamps were turned on for the photocatal-
ysis process to begin. For each sample the NO removal test lasted for
60 min and the concentration change of NO and NO, at the outlet
was recorded. Due to the small amount of NO, generation (less than
30 ppb in all tests), the photocatalytic ability of the samples was ex-
pressed by NO reduction. Every sample was tested three times and
the average value together with the standard deviation was re-
ported. The calculation of the amount of NO removal, following
the instructions in JIS R 1701-1, is shown below:

Qo = (25—4) [ oy, ~ o,

where Qo is the amount of nitrogen monoxide removed by the test
sample (umol); [NO]p is the inlet concentration of nitrogen monox-
ide (ppm); [NO] is the outlet concentration of nitrogen monoxide
(ppm); t is the time of removal operation (min); f is the flow rate
converted into that at the standard state (0 °C, 1.013 kPa) (L min™?)

The specific NO removal in units of mg h~' m~2 is calculated by
the following formula:

B Qno X MWyo x 10°
"~ Sampling - time(h) x Surface - area(m x m)

where 0 is the specific photoactivity (mgh~' m™2); Quo is the
amount of nitrogen monoxide removed by the test sample (mol);
MWy is the molecular weight of NO

2.5. Photocatalytic inactivation of bacteria

One milliliter of E. coli K12 cell suspension was pipetted onto
each of the prepared glass and mortar samples, which were then
placed in sterilized Petri dishes to prevent drying (Fig. 2). The Petri
dishes with the testing sample were subject to illumination by the
same UV lamps used in the NO removal experiments. The light
intensity striking the surface of testing samples was 10 Wm2.
The cell suspension was collected by washing the sample with
20 mL 0.9% sodium chloride solution at different time intervals of

20, 40, 60, 90 and 120 min, respectively, after the irradiation. Then

O
Vent
4 -
UVA Light
o Container
Pet\r.| ieh E. coli Suspension Tested sample
<4 ) / »

Fig. 2. Schematic diagram of bacterial inactivation experimental setup.

serial dilutions of the collected cells suspension were appropriately
performed, and 100 pL of diluted suspension was spread on the
nutrient agar plate and incubated at 37 °C for 18 h. Three replicated
plates were used for each incubation to verify the reproducibility of
the results. The loss of viability was examined by the viable count of
the colony forming units on the plates. In all the experiments, neg-
ative control tests under conditions of darkness and positive con-
trols only for UVA were carried out simultaneously.

3. Results and discussion

3.1. Photocatalytic NO removal and bacterial inactivation of nano-TiO,
dip-coated samples

Fig. 3 displays the photocatalytic NO removal of the different
tested samples. It is clear that the photocatalytic NO removal activ-
ity of all TiO,-coated materials, without undergoing weathering
conditions (C1), was proved to be significantly improved by the
use of dip-coating methods. The amount of NO removed by the
TiO, dip-coated SCGM (EtOH-mortar) was about 14 mgh ' m2,
which outperformed that of the 5% TiO,-intermixed SCGM. Accord-
ing to the differences in NO removal between TiO,-intermixed and
dip-coated samples, the dip-coating method seemed to provide the
substrate materials more active sites, which facilitated the surface
reactions.

It also can be seen that the substrate materials, as well as the
two TiO, dip-coating methods, had a negligible effect on NO
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Fig. 3. Comparison of NO removal of different samples under 60 min UV irradiation.

removal activity. Fig. 4 shows the photocatalytic NO removal pro-
file of 5% TiO,-intermixed SCGM and the TiO, dip-coated SCGM. It
is evident that a significantly enhanced NO removal activity oc-
curred on TiO,-coated SCGM (MeOH-mortar). However, it is inter-
esting to note that as the reaction proceeded, the amount of NO
removed by MeOH-mortar gradually decreased, whereas this was
not observed for the 5% TiO,-intermixed SCGM. This phenomenon
has been referred to as the deactivation of the catalyst and encoun-
tered by many researchers [25,26]. This could be attributed to the
generation of reaction intermediates, which unfavourably occupy
the active sites on the catalyst surface [27]. It is possible that for
the dip-coated samples, more active sites were exposed to the
reactants leading to higher deactivation as suggested by the above
results.

Given the significant increase in photocatalytic activity of the
TiO, dip-coated materials for NO degradation, it is reasonable to
expect that their corresponding bacteria inactivation can also be
improved. This assumption is supported by the results of bacteria
inactivation of the TiO, dip-coated samples demonstrated in
Fig. 5. It can be seen that there was complete inactivation of
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Fig. 4. Photocatalytic NO removal profile of (a) mortar with 5% TiO, and (b) MeOH-
mortar during a course of 60 min UV irradiation.
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Time (min)

Fig. 5. Photocatalytic inactivation of E. coli of different samples subject to two
different conditions.

E. coli within 60 min of UV irradiation on all the samples dip-
coated with TiO, regardless of different substrate and dip-coating
method. Neither the SCGM intermixed with 5% TiO, exposed to
120 min of UV irradiation nor TiO,-coated samples in the dark
showed any detectable bactericidal effects for E. coli. It should be
noted that the survival curve did not follow a simple single expo-
nential decay process as a function of illumination time, as is often
the case in chemical oxidation. It is clear that the initial photocat-
alytic inactivation step was slow, after which the bacterial inacti-
vating process was faster. This is consistent with a previous
study by Sunada et al. [28]. They reported that the photokilling
of E. coli consisted of two stages: an initial slower rate step fol-
lowed by a higher one. It is well-known that the cell wall and cyto-
plasmic membrane are the initial targets of photocatalysis-
generated reactive oxygen species (ROS). Because of the complex
structure of these initial targets, this process requires a certain
amount of cumulative damage and involves many more radicals
[29,30]. Therefore, the first step takes a relatively long time and
leads to an apparent delay in the bacteria inactivation profiles.
When the oxidative damage is sufficient to destroy the cell wall
and membrane, intracellular contents start to flow rapidly out of
the cells. Eventually, this results in a quick loss of cell viability.

In conclusion, it has been clearly demonstrated that dip-coating
TiO, onto the samples contributed to high photocatalytic activity.
Not only did an expected increase in the efficiency of NO removal
occur, but a total inactivation of E. coli was also observed. It seems
that the dip-coating method resulted in many more active sites on
the surface of the substrate materials available for the photocata-
lytic reaction. As a result, instead of recombination, the photo-gen-
erated electrons and holes could more easily react with oxygen

B MeOH-glass  H EtOH-glass
EtOH-mortar B MeOH-mortar| |

NO removal (mg h-1 m-2)

C1 c2 c3

Weathering conditions

Fig. 6. Changes of NO removal activity of TiO, dip-coated samples under 60 min UV
irradiation subject to three different weathering conditions.
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Fig. 7. Changes of photocatalytic bacteria inactivation of TiO, dip-coated samples
under 120 min UV irradiation after two different weathering conditions: (a)
condition 2 (C2) and (b) condition 3 (C3).

and/or water to form highly reactive species, which were instantly
consumed by reactants adsorbed on the surface of substrate mate-
rials. Therefore, the TiO, dip-coated materials exhibited a much
higher photocatalytic activity in comparison to TiO,-intermixed
mortars.

Another interesting aspect of the results was the photoinduced
hydrophilicity on the surface of TiO, dip-coated samples. In fact,
this photocatalytic phenomenon has long been discovered and
intensively studied, and the underlying mechanism is well
understood [9,31]. Owing to the photoinduced hydrophilicity, the

TiO; Particles

bacterial suspensions were found to spread more extensively (by
visual observation) across the surface when compared with that
of the 5% TiO,-intermixed mortar. As a consequence, total inactiva-
tion of bacteria took place within a relatively short period (60 min).
Thus, the bacteria inactivation activity on the surface of TiO, dip-
coated samples is believed to be the result of the synergetic effects
of photocatalytic oxidation and photoinduced hydrophilicity.

3.2. Durability of TiO, dip-coated samples

When condition 2 (C2) was applied, under which samples were
only washed using water without imposing any abrasion, a de-
crease in NO removal ability was observed for all the samples.
The amount of NO removed by TiO,-coated samples dropped from
11.75 to 8.73mgh 'm2 for MeOH-glass, from 13.09 to
9.15mgh ' m 2 for EtOH-glass, from 14.33 to 12.14mgh ' m2
for EtOH-mortar and from 13.06 to 11.11 mgh~! m~2 for MeOH-
mortar, respectively (Fig. 6). It is apparent that the loss of photocat-
alytic NO removal of the TiO,-coated glass samples was slightly
higher (17-26%) than that of TiO,-coated SCGM regardless of the
dip-coating method used. With respect to bacteria inactivation, a
similar reduction in bactericidal ability was observed for each
TiO,-coated glass and SCGM after undergoing condition 2. The time
required for total bacteria inactivation was 120 min for the TiO,-
coated glass and 90 min for the TiO,-coated SCGM respectively
(Fig. 7a). Both were longer than that of samples under condition
1(C1). It seems that the substrate materials, other than dip-coating
methods, had a major impact on photocatalytic activity when the
samples were subjected to weathering conditions.

This impact was much more obvious when abrasive condition 3
(C3) was applied to all the TiO,-coated samples. It is clear that after
undergoing condition 3, all the TiO, dip-coated glass samples al-
most totally lost their photocatalytic NO removal ability,
2.25mgh ! m2 for MeOH-glass and 0.90 mg h~! m~2 for EtOH-
glass, respectively, whereas photocatalytic NO removal remained
relatively high for TiO,-coated SCGM, 8.75 mg h~! m~2 for EtOH-
mortar and 6.97mgh'm™2 for MeOH-mortar, respectively
(Fig. 6). It is noteworthy that even when subjected to highly abra-
sive conditions (C3), the NO removal ability of TiO,-coated SCGM
was still much higher than that of 5% TiO,-intermixed SCGM.

On the other hand, after being subjected to condition 3, total
photocatalytic inactivation of E. coli was no longer observed for
all the samples even after 120 min of UV irradiation (Fig. 7b).
Nonetheless, it should be noted that the concentration of E. coli

Pores

Pores

TiO, Particles

Fig. 8. Macrographs of MeOH-mortar showing TiO, particles within pores: (a) under condition 1 (C1) and (b) after condition 3 (C3).
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Table 3
Porosity of the substrate samples.

Material Porosity (%)
Glass ~0

Mortar without TiO, 148+04
Mortar with 5%TiO, 15.0+0.8

remaining on the surface of the TiO, dip-coated SCGM dropped
from approximately 10°-10° CFU/mL.

Considering all the results of the weathering resistance experi-
ment, the TiO, dip-coated SCGM samples were superior to the TiO,
dip-coated glass with regard to withstanding abrasion. This may be
due to substrate roughness and porosity playing a positive role in
the retention of TiO, particles on the substrate surface (Fig. 8).
When the TiO, dip-coated SCGM was subjected to highly abrasive
conditions (C3), it is likely that the surface porosity (with total
water porosity at about 15.0%) and rough texture of the SCGM
(see Table 3) help to retain the TiO, coatings during the weathering
process as the TiO, particles that have been deposited in the pores
of mortars are not removed. On the other hand, the smooth surface
(0% porosity) of the glass was more prone to losing the TiO, coat-
ings. Therefore, compared with the TiO,-coated glass, relatively
high photocatalytic activity was preserved on the TiO,-coated
SCGM. Actually, these findings are consistent with the results of
Ramirez et al. [21] who found that high porosity and roughness
values were favourable for retaining more TiO, particles for tolu-
ene removal.

It is important to note that after a period of abrasive weathering
(C3), NO removal ability still remained high, comparable to that of
the TiO, dip-coated glass samples undergoing condition 2. How-
ever, this did not translate into total bacteria inactivation, as was
the case for the TiO, dip-coated glass samples subjected to condi-
tion 2. It is likely that the TiO, particles dominating the surface of
the mortars, which were mostly wiped off during abrasion, were
mainly responsible for bacteria inactivation. But the remaining
TiO, particles, mainly in the pores of mortars, were responsible
for NO removal and given that there was an observable decrease
in the concentration of E. coli on the TiO, dip-coated SCGM, it is
possible that the TiO, particles retained in the pores could still
have been playing a minor role in the inactivation of E. coli. Consid-
ering that the concentration of bacteria in air is much lower than
that used in the experiment, this reduced bacteria inactivation
ability could still effectively inhibit the growth of bacteria in con-
tact with the surface of the TiO, dip-coated mortars.

4. Conclusions

The NO removal and bacteria inactivation of TiO, dip-coated
materials were assessed and compared. By dip coating TiO, onto
the surface of glass and SCGM, significantly enhanced NO removal
activity accompanied by total inactivation of E coli within a rela-
tively short time (60 min) was detected, suggesting that the two
different dip-coating methods could be used to prepare cement-
based substrate materials with high photocatalytic activities. After
undergoing the abrasion weathering condition (C3), TiO, dip-
coated glass samples almost completely lost NO removal ability,
whereas, the TiO, dip-coated SCGM still exhibited high NO re-
moval activity, which was even higher than that of the samples
prepared by intermixing 5% TiO, into the cement mortars. There
was still an observable decrease in the concentration of E. coli on
the TiO, dip-coated SCGM. The results indicated that the high
porosity of the dip-coated SCGM surface was mainly responsible
for the favourable TiO, particles retention, and that the TiO, re-
tained in the pores of the SCGM still could contribute to E. coli
inactivation.

It can further be concluded that bacteria inactivation is a more
complex process requiring a certain amount of ROS accumulation
compared with photocatalytic NO removal activity. According to
the results of this study, the photocatalytic activity of NO removal
cannot always be extrapolated to photocatalytic activity of bacteria
inactivation despite a certain limited correlation existing between
the two processes. Furthermore, the way in which TiO, is incorpo-
rated into the substrate, as well as the characteristics of the sub-
strate materials have an important impact on the photocatalytic
efficiency of the produced photocatalytic material. The former
plays a decisive role in determining subsequent photocatalytic
activity, while the latter has proved to be a key factor influencing
weathering resistance. In the present study, the TiO, dip-coated
self-compacting SCGM displayed relatively high photocatalytic
efficiency in both NO removal and bacteria inactivation, and could
endure high abrasive weathering conditions.
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