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pH, aeration rate, bacterial population and irradiation time, and their impact on disinfection activity and
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kinetics of a sewage-isolated Escherichia coli sp. (ATCC 11775). The inactivation kinetics were evaluated
with experimental data and three Hom series empirical models, namely; the Hom model, modified-
Hom model and Hom-Power model. The bacterial inactivation rate in the ASP-TiO,-K system was
pH-independent up to pH 7.0. At optimum conditions, 120 min irradiation time was required to achieve
5 bacterial log-reduction units for an average bacterial inoculum size of 8.0 x 106 CFUmL™'. A sigmoid-
shape bacterial inactivation profile with strong shoulder and prolonged tailing characteristics was proven.
The inactivation kinetic studies revealed that the modified Hom model appeared to be the best empiri-
cal model that could represent the disinfection kinetics, with three different inactivation characteristic
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regions in the ASP-TiO,-K system.
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1. Introduction

Water disinfection is one of the most important final treat-
ment stages to ensure the water is free of pathogenic microbes
that might convey severe waterborne diseases [1]. To date, various
chemical disinfection methods such as chlorination and chlorami-
nation have been widely practiced. However, it is of wide concern
that these disinfection methods have serious environmental draw-
backs, as chlorine canreact with natural organic matter or dissolved
organic carbon to form recalcitrant disinfection by-products (DBPs)
[2-5]. Coleman et al. [5] have reported that a low concentration
of common DBPs in water, such as haloacetic acid (60 ppb) and
trihalomethanes (80 ppb), might cause serious congenital cardiac
defectsin human beings following prolonged consumption. In addi-
tion, poor maintenance of ammonia during chloramination might
result in direct nitrification in water which can directly promote
algal blooms and treatment costs [6]. For these reasons, various
chemical-free water disinfection technologies without the forma-
tion of DBPs have become highly sought in recent years.

* Corresponding author at: School of Earth and Environmental Sciences, The Uni-
versity of Adelaide, North Terrace Campus, Adelaide, SA 5005, Australia.
Tel.: +61 8 8303 7056; fax: +61 8 8303 6222.
E-mail address: bo.jin@adelaide.edu.au (B. Jin).

1385-8947/$ - see front matter © 2011 Elsevier B.V. All rights reserved.
doi:10.1016/j.cej.2011.03.024

Among the chemical-free disinfection methods, heterogeneous
photocatalysis employing titanium dioxide (TiO) has been investi-
gated extensively [7-9]. Photocatalytic water disinfection operates
in a semiconductor system, where the TiO, particles are mixed
with the targeted water being subjected to UV irradiation. When
the TiO, particles are irradiated by UV light, the photon energy
excites the lone electron from its conduction band to valance band
to form the electron-hole pairs [10-12]. In the presence of elec-
tron scavengers, the availability of the valence band is prolonged
with surface-adsorbed hydroxyl groups being oxidized to radicals
[13]. These hydroxyl radicals (OH*) are primarily responsible for the
inactivation and destruction of microorganisms [13]. In the absence
of electron scavengers, no photocatalytic reaction occurs due to
the rapid recombination of electron-hole pairs. The detailed photo-
chemical reactions on the TiO, surface during photocatalysis have
been discussed in the literature [14,15].

Since the pioneering work by Matsunaga et al., a number of pre-
liminary photocatalytic disinfection studies have been shown to
successfully inactivate various coliforms, viruses, bacteria, cysts,
fungi, algae and protozoa [16-19]. Commercial Degussa P25 TiO,
has been used in most previous studies. Except those studies of
Pulgarin and co-workers [11,20,21], very few other case studies
of pilot and large scale processes of such photocatalytic disinfec-
tion technologies for water treatment were reported. A technical
and economic bottle-neck issue associated with photocatalytic
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treatment process using the P25 TiO, is the difficulty, and high cost
for separating the fine P25 TiO, particles (10-30nm) [22]. Numer-
ous material engineering solutions have been investigated in order
to resolve this problem. One of the more prominent solutions is to
immobilise the TiO, nanoparticles onto an inert carrier to retain its
quantum effects, while allowing ease of separation from the treated
water stream [23-27]. Different materials have been successfully
demonstrated as potential carriers for TiO, nanoparticles, such as
optical fibres, clay materials and magnetic cores [28-30].

We recently synthesized a novel titania-impregnated kaolin-
ite (TiO,-K) catalyst, in which nanocrystal TiO, (7.0 nm) particles
are immobilised onto layered kaolinite clays (3.5 wm). Due to its
high photo-oxidation capacity and recoverable characteristics, the
TiO,-K catalyst has been suggested as a promising catalyst for
photocatalytic water treatment. Previously, we have examined the
photocatalytic activity of the TiO,-K particles against the degrada-
tion of dye molecules and bacteria in a self-designed annular slurry
photoreactor (ASP) [11,31,32]. We found that the bacteria are able
to regrow after 24 h, but such a phenomenon can be suppressed by
promoting the residual disinfectant effect of the catalysts through
concurrent photo-Fenton reaction [32]. In this study, the photo-
disinfection performance of the TiO,-K catalyst was tested against
a sewage-isolated Escherichia coli sp. (ATCC 11775). Bacterial E. coli
is a common surrogate measure against treatment efficacy. The
use of a strain isolated from sewage allows the measurement of
disinfection ability of the treatment process against an organism
isolated from a natural environment. The effects of operation fac-
tors of the ASP system on the irradiation time required to inactivate
5 bacterial log-reduction units were investigated. These include
the TiO,-K loading, pH, aeration rate and bacterial inoculum size.
Subsequently, we evaluated the inactivation kinetics using the
empirical Hom series models for comparison and modelling of the
disinfection system. The Hom series models used were the Hom
model, modified Hom model and Hom-Power model.

2. Materials and methods
2.1. Materials

Chemicals employed for the synthesis of TiO,-K included
titanium (IV) butoxide (tetrabutyl orthotitanate, purum grade
>97% gravimetric, Sigma-Aldrich), absolute ethanol (AR grade,
Labserv Pronalys, Australia), nitric acid (AR grade 69 wt%, BDH
VWR, England), and raw kaolinite clays (Unimin, South Australia).
Hydrochloric acid (Labserv Pronalys, Australia), sodium hydrox-
ide (Analar grade, BDH Chemicals, England), tryptone soy broth
media (TSB) (Oxoid, England) and plate count agar (PCA) (Merck,
Germany) were prepared to a desired concentration by the addition
of Milli-Q water obtained from a Barnstead Nanopure ion exchange
water system with 18.2 M2-cm resistivity.

2.2. Preparation of titania impregnated kaolinite catalyst

The TiO,-K catalyst particles were synthesized in accordance
with our previously developed method [30]. A modified two
step sol-gel method was used, where 25 mL titanium precursor
was hydrolysed by 30 mL absolute ethanol. The resultant hydrol-
ysed mixture was then acid-catalysed under controlled nitric acid
conditions. In the following step, this catalysed product was het-
erocoagulated with 10% (w/v) kaolinite suspension at 37 °C under
constant stirring. Prior to the heterocoagulation, the kaolinite clays
were pre-treated in a series of alkalization and thermal treatments
at 750°C for 1h. The kaolinite particles were used as the inert
carriers for the deposition of titania sol, enabling ease of catalyst
particle separation during the water disinfection application. The

Fig. 1. Scanning electron microscopic images of the TiO,-K catalyst (a) 10 um res-
olution; (b) 3 wm resolution.

heterocoagulated products were filtered and washed repeatedly
with distilled water up to three times to remove any excess chemi-
cal impurities. The filtrate cake was dried in a conventional oven at
65-70°C for 3 h, before being fired at 600 °C. Fig. 1 shows the scan-
ning electron microscopic images of the TiO,-K catalyst at different
magnifications.

2.3. Annular slurry photoreactor

In this study, a stainless steel ASP was used as a photo-
disinfection reactor [11,31,32]. The ASP was a three-phase bubble
column reactor, where the TiO,-K particles were dispersed in the
targeted water via bubble aeration. A detachable conical bottom
was made for the ASP to prevent a reaction dead zone for the TiO,-K
catalyst, as well as promoting ease of cleaning and maintenance. At
the lower end, a 45-pum air sparger was fitted to provide homoge-
neous aeration for catalyst suspension and mixing. An UV-A black
light of 8 W (NEC, Holland) was positioned annularly within the
quartz thimble to prevent direct contact with the reaction fluid,
while allowing optimal UV transmission into the annulus reaction
zone. The UV-A light was used for photonic excitation of the TiO,-K
catalyst alone. Unlike the germicidal UV-C light with a high-end UV
electromagnetic spectrum, the associated UV energy for the UV-A
is significantly lower and does not cause substantial direct bacte-
rial inactivation. The wavelength range of UV-A light lies in the
range of 315-400 nm, which is close to solar irradiation. The light
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Fig. 2. Experimental set-up for the annular slurry photoreactor system: (1) UV light,
(2) recirculation water line, (3) fresh cool water line, (4) cooling water vessel, (5)
cooling water pump, (6) temperature meter, (7) compressed air supply line, (8)
compressed air regulation valve, (9) sampling ports, (10) pH meter, (11) dissolved
oxygen meter, and (12) photoreactor.

intensity in the ASP was measured using a radiometer (Solarmeter®
SM 5.0 & 8.0, Solartech Inc.). Samples were collected from the four-
descended level sampling ports. Electronic probes and meters for
in situ data logging of pH, dissolved oxygen and temperature (TPS,
Australia) were connected to the reactor. The operating temper-
ature for the ASP system was kept at room temperature of 25°C
during the experiments. The detailed design of the ASP and exper-
imental setup are shown in Fig. 2.

2.4. Cell culture, medium preparation and bacterial counting

To prepare the bacterial suspension, 50 mL fresh liquid culture
prepared in TSB was inoculated with the sewage-isolated E. coli
strain ATCC 11775. The cell culture was incubated in a rotary shaker
at 150 rpm and 35°C for 19 h until the late exponential phase. The
cell density during the incubation was determined by heterotrophic
plate counts (HPC), and found to be 9 x 10° CFUmL~! in 19h. An
aliquot of the incubated liquid culture was directly inoculated into
1.5L of phosphate buffered saline (PBS) solution for bacterial sus-
pension. The use of PBS is to prevent sudden osmotic shock to the
bacteria, so as to maintain the bacterial numbers for accurate dilu-
tion purposes. The initial bacterial density was also assessed by HPC
using standard procedures [33].

Prior to the photo-disinfection experiment, a known amount of
TiO,-K catalyst was mixed to the bacterial suspension and further
dark homogenized for 30 min. The UVA light was turned on after
the homogenisation period and the bubble aeration was run con-
tinuously up to 300 min. Samples were collected every 10 min up
to 40 min, thereafter every 20 min up to 120 min, and finally every
60 min up to 300 min. The enumeration of the E. coli was carried
out following a standard serial dilution procedure and every sam-
ple was determined by HPC in the prepared PCA in duplicate. With
the duplicate 2.5 mL samples collected from the different sampling
ports, a 0.1 mL aliquot was then diluted serially in 0.9 mL PBS. After
that, 0.1 mL of each dilution was plated in triplicate to PCA to deter-
mine the eventual bacterial cell density. The PCA plates were then
incubated at 35°C for 24 h before final cell counting. The bacte-
rial log-reduction against the irradiation time curve was plotted
for kinetic analysis. Each photo-disinfection experiment was then
repeated for standard experimental verification and error analysis.

3. Results and discussion
3.1. Effect of TiO»-K loading

Optimisation of the photocatalyst loading used in a photoreac-
tor system is particularly important, owing to the overall treatment
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Fig. 3. Effects of TiO,-K catalyst loadings on the photocatalytic inactivation kinetics
of E. coli at pH 7.0, 5.0Lmin~" aeration and average initial bacterial population of
8.0 x 106 CFUmL"!.

costs and process efficacy. Previous studies on photocatalyst load-
ings of the Degussa P-25 TiO, on microbial inactivation were
reported to be in the range of 0.5-2.0gL~!, depending on configu-
ration of the photoreactor used [8,17]. In this study, TiO,-K dosing
experiments were studied in a range of 4.0-10.0gL-'. The overall
mass of the TiO,-K catalyst was mainly contributed by the kaoli-
nite carrier. As previously determined using the zinc oxide spiking
method in X-ray diffractionometry, the fractional weight ratio of
TiO,:K is approximately 8% (w/w) [30]. This indicates that the real
TiO, loading used in this study is approximately 0.30-0.80gL"1.

Photolysis and dark control experiments were also conducted
to measure the net bacterial inactivation level as mediated by dif-
ferent TiO,-K catalyst loadings. In the UV-A photolytic experiment
without TiO,-K added, it was observed that less than a log bacterial
reduction unit was achieved after 300 min of irradiation. This was
owing to the fact that UV-Alight emits the least energetic fraction of
UV spectra (3.10-3.94 eV) that usually cause insignificant damage
to the bacterial cell [21]. Rincén et al. [21] reported that photo-
killing by UV-A should be well-mediated by sensitizers, such as a
TiO, catalyst, to achieve greater bacterial cell damage. No inacti-
vation activity was found in the control experiments using TiO,-K
without UV-A irradiation.

When 4.0 gL~ TiO,-K was added (Fig. 3), it could be seen that
the photo-killing in the ASP was significantly enhanced by approx-
imately thirteen-fold. Such enhancement in bacterial inactivation
was due to the formation of reactive oxygen species (ROS) such as
OH*, 0,°~ and H,0,. Gyiirék et al. [34] indicated that the activity
of the ROS on the cytoplasmic membrane is cumulative rather than
instantly lethal. This is supported by the strong shoulder character-
istic in the bacterial inactivation curve, where log-linear bacterial
reduction started after 20 min UV-A irradiation. Others were of
the view that such prolonged inactivation at the beginning of
photocatalyst-mediated disinfection is due to the slow permeation
rate of the ROS (i.e., short half-life) through the cell wall [35]. The
irradiation time required to achieve approximately 5 log-reduction
units was 300 min.

At ahigh TiO,-K loading of 6.0 g L-1, however, the strong shoul-
der characteristics during the bacterial inactivation was found to be
depleted. A shorter UV-A irradiation time of 180 min was required
to achieve a 5log bacterial reduction. At an increased TiO,-K
loading of 8.0gL~1, the bacterial inactivation kinetics becomes
more sluggish than for the 6.0 gL-! loading. Similar attenuation in
photo-disinfection efficacy was observed when 10.0 g L~ of TiO,-K
loading was applied. It is worth noting that further increased
TiO,-K loadings of 8.0 and 10.0gL-! resulted in little increase
in disinfection efficiency. At a TiO,-K loading of 10.0gL-!, for
instance, it was impossible to achieve a 5log bacterial reduction
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even at an extended irradiation time. The highest bacterial inac-
tivation levels using 8.0 and 10.0gL~! TiO,-K at pH 7.0 were
approximately 4 and 3log reduction units, respectively. Such
attenuation in photo-disinfection efficacy with increasing TiO,-K
loading indicated an increase in the overall light extinction coef-
ficient. At a TiO,-K particle concentration higher than 6.0gL-1!,
the radial light intensity across the annulus width (50 mm) was
reduced as a direct result of rapid absorption and scattering by
the TiO,-K particles [12]. As a consequence, the TiO,-K particles
close to the external cell wall were shielded from UV-A excitation
and reduced the overall active TiO,-K in suspension. In this ASP
configuration, the overall reaction efficacy is a strong function of
the catalyst loading, annulus width and light intensity used. If the
light intensity remains unchanged, smaller annulus width can tol-
erate higher TiO,-K and vice versa. Considering the ASP operation,
it can be concluded that the saturated TiO,-Kloading in the current
experimental setup was 6.0 g L~1. All the subsequent investigations
will be carried out at such saturated TiO,-K loading.

3.2. Effect of pH

In a semiconductor photocatalytic system, pH takes a key role
in driving the oxidation reaction and efficiency. The pH can affect
the surface charge of the photocatalysts used, and subsequently
the rate of photooxidation [36-38]. When the pH is higher than the
point of zero charge (PZC) of the TiO, catalyst, i.e., pH<PZC (TiO,),
the surface of the photocatalyst is positively charged, otherwise it
is oppositely charged at pH > PZC(TiO,). For nominal TiO, catalysts,
such as the P-25, their PZC usually lies in the range of 5.6-6.8 [37].
However, the PZC of the TiO,-K particles used was determined to be
9.5 [11]. To investigate the effects of pH in the photo-disinfection
of E. coli by the TiO,-K catalyst, a variation of pH 4.0-10.0 was
simulated in the ASP system.

E. coli is a Gram-negative bacterium with the outer cell mem-
brane covered by a lipopolysaccharide layer of 1-3 wm thickness
[39]. With the slightly negatively charged outer E. coli surface, it
is expected that this bacterium could have an enhanced photo-
disinfection rate with a TiO,-K catalyst at pH < PZC (TiO,-K). This is
owing to the nature of the heterogeneous TiO, photocatalytic reac-
tion, where the microbial contaminants transfer to the vicinity of
the TiO, surface for subsequent cyclic ROS penetration. The pH can
affect the surface charge density of the TiO,-K catalyst, according
to the following equilibrium Egs. (1) and (2) [9];

AtpH < PZC:TiOH + H* < TiOH,* (1)
AtpH > PZC : TiOH + OH™ < TiO~ +H,0 2)

Fig.4illustrates the effect of pH4.0-10.0 in the ASP on the photo-
disinfection of E. coli. In this instance, the initial pH was adjusted
using 0.1 M sodium hydroxide and hydrochloric acid, respectively.
Three control experiments on the direct UV-A photolysis and dark
adsorption at both pH 4.0 and 7.0, respectively, were carried out to
ensure that the bacterial disinfection was purely mediated by the
TiO,-K photo-disinfection. Similar results of less than 1log bac-
terial reduction unit were obtained in the UV-A direct photolysis
even when the pH was adjusted to 4.0. These agreed with the find-
ings by Pulgarin and co-workers [9]. They found that the photolytic
inactivation of E. coli was independent of initial pH between 4.0
and 9.0. A low degree of bacterial reduction was also observed
for the dark adsorption at both pH 4.0 and 7.0 without UVA irra-
diation. In this instance, pH 4.0 was observed to be the optimal
value to achieve a maximum disinfection level for the TiO,-K pho-
tocatalysis. Heyde and Portalier [40] explained that the negligible
E. coli reaction to acid conditions was due to the presence of an
acid tolerance response in the bacterium itself, which secreted the
acid-induced proteins for bacterial acid-shock protection.
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Fig. 4. Effects of pH on the photocatalytic inactivation kinetics of E. coli at
6.0gL-! TiO,-K, 5.0Lmin~! aeration and average initial bacterial population of
8.0 x 106 CFUmL"!.

Fig. 4 indicated that a high photo-disinfection rate of E. coli was
associated with a low pH. This may be attributed to the high pro-
portion of dense TiOH,* groups formed that draw the E. coli to the
TiO,-K surface for the cell destruction process. The total irradia-
tion time required to achieve 5log-reduction units was shortened
to 150 min compared to the experiment at pH 7.0. A declining trend
in the photo-disinfection activity of the TiO,-K was observed at pH
up to 10.0. Similarly, the total irradiation time taken to achieve
5log-reduction units at a pH over 8.5 was prolonged. It was how-
ever, interesting to note that the bacterial inactivation during the
tailing region was enhanced at a low pH. This was owing to more
TiOH,* groups being generated and thus, increases in the elec-
trostatic attraction force between the TiOH,* groups and E. coli.
The photo-disinfection activity was significantly reduced at pH
8.5 and 10, which was very close to PZC (TiO,-K)=pH 9.5. Com-
pletely sluggish photo-disinfection kinetics of E. coli were observed
at pH 10.0; in particular, the bacterial inactivation during the tail-
ing region, as both TiO,-K and E. coli surfaces become repellent of
each other. It was, however, noteworthy to find that the TiO,-K
catalyst with high PZC is highly functional under a wide pH range.
Unlike a conventional TiO, catalyst with low PZC, it can be con-
cluded that disinfection using the TiO,-K can be conducted at a
wide pH range, and a low pH can lead to a high disinfection rate
due to the high electrostatic interaction. Thus, all the subsequent
experiments were carried out at pH 4.0 in order to investigate the
maximal photo-disinfection activity that could be attained.

3.3. Effect of aeration

In the three phase ASP system, compressed air was used to dis-
perse and keep the TiO, catalystin suspension apart from providing
sufficient dissolved oxygen (DO) for electron-hole pair formation
[11,31,32]. The extent of aeration used, however, can affect the sus-
pension states of the TiO,-K particles in the ASP. Two different
states of TiO,-K suspension can exist in the ASP system: homo-
geneous suspension where the TiO,-K particles are uniformly
distributed throughout the ASP; and heterogeneous suspension in
which the TiO,-K particles are non-uniformly distributed but in
complete suspension [11].

To investigate the effect of aeration rate on the photo-
disinfection activity of the TiO,-K-ASP system, a step change
in aeration rate from 2.5Lmin~! to 10.0Lmin~! was evaluated
(Fig. 5). Previously, the effect of aeration rate on the photodegra-
dation of Congo red dye molecules was investigated [11]. At
2.5Lmin"!, we found large sediments of TiO,-K particles on the
sparger plate. This was because a low aeration pressure can-
not keep the TiO,-K particles suspended in the reactor. The
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Fig. 5. Effects of delivered aeration rate on the photocatalytic inactivation kinet-
ics of E. coli at 6.0gL~" TiO,-K, pH 4.0 and average initial bacterial population of
8.0 x 106 CFUmL"'.

photo-disinfection kinetic profile associated with 2.5Lmin~!, was
found to exhibit strong shoulder characteristics. Marugan et al.
[4] proposed that the appearance of such shoulder characteristics
was due to the low volumetric generation rate of ROS. This means
that the amount of active TiO,-K in suspension is low, resulting in
strong bacterial growth inhibition of the photo-disinfection activity
of TiO,-K catalyst.

The overall photo-disinfection rate was lower at 2.5Lmin~!
than at 5.0 Lmin~!. This was evidenced from the prolonged irra-
diation time required to achieve only 3 log-reduction units after
300 min. Our previous experiments showed that the TiO,-K par-
ticles could remain in homogeneous suspension in the ASP at
7.5Lmin~!. Similarly, the optimal rate obtained in this photo-
disinfection study was 7.5Lmin~!, where only 120min was
required to achieve a 5log bacterial reduction. It was interesting
to note that the shoulder characteristic disappeared when the ROS
volumetric generation rate was high. Thus, it can be verified that
shoulder characteristic in disinfection kinetics is a strong function
of the ROS volumetric generation rate, which is dependent on the
state of the catalyst suspension. A further increase in the aera-
tion (10 Lmin~1) resulted in a low disinfection rate compared with
those at 5.0 and 7.5 L min~1, respectively. Chin et al. [41] reported
that a high aeration rate can create turbulence in the reaction water
mixture, resulting in a “shadow” effect that attenuates light dis-
tribution within the reactor. It can be thus concluded that the
optimum aeration was 7.5 Lmin~!. All the subsequent experiments
were aerated at 7.5 Lmin~1.

3.4. Effect of bacterial population

The number of viable bacteria in different water sources may
vary. It is thus practicable to investigate the effect of bacterial pop-
ulation on the photo-disinfection kinetics in the ASP. Dunlop et al.
[42] found that the inactivation rate was proportional to the ini-
tial bacterial loading that presents in the water. At a high bacterial
loading, the probability of collision between the E. coli and catalyst
used increases and directly reduces the mass transfer rates at the
catalyst surface. A similar observation was reported by Pham et al.
[43] in their study on Bacillus pumilus spores in a slurry reactor.

Fig. 6 shows the effect of the initial bacterial population on
the photocatalytic inactivation rate of E. coli under optimum con-
ditions. The inactivation rate increased with the bacterial cell
loadings from 10° to 106 CFUmL™!, and thereafter decreased sig-
nificantly, owing to the effect of increasing bacterial population on
the light extinction coefficient. A longer irradiation time was seen
to be required at the higher bacterial cell loading. Such observation
might be owing to the annulus width of the ASP, where the increase
in turbidity (bacterial cell loading) might attenuate the radial light
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Fig. 6. Effect of initial bacterial population on the photocatalytic inactivation kinet-
ics of E. coli under operating conditions of ASP: TNC loading of 6.0g L', pH 4.0 and
aeration rate of 7.5 Lmin~"'.

intensity. This was associated with the current annulus width of
50 mm, where the ASP system poses a limitation to a certain range
of bacterial loading. From Fig. 6, it was determined that the most
viable bacterial loading would be 10°-108 CFUmL"!. A standard
curve of photocatalytic inactivation rate of E. coli using 1.0gL"!
of Degussa P-25 TiO, was included as a baseline comparison. It
should be noted that a conservative TiO, concentration of 1.0gL"!
was chosen as a comparison to 6.0 gL~ of TiO,-K, as the fractional
weight ratio of TiO, :K is approximately 8% (w/w). A direct quantifi-
cation of the photo-disinfection rate was evaluated in Section 3.5
using the Hom model series.

3.5. Evaluation of empirical models for the photo-disinfection in
ASP system

Since the first application of TiO, catalysts by Matsunaga et al.
[16] for microbial inactivation, most photo-disinfection kinetic
modelling works have been based on the Chick-Watson (CW)
model [7,35]. In this CW model, the reduction in enumerated
bacteria was proportional to the contact time. This correlation,
however, cannot be applicable for every instance, as various fac-
tors such as the reactor configuration, inactivation mode and the
bacterial resistance to disinfectant used might also cause severe
non-linearity characteristics. From the previous sections, we found
that the photo-disinfection kinetics of E. coli by UVA/TiO,-Kyielded
non-linear profiles with both shoulders and tailing characteristics.
The use of a CT-design concept in the CW model in this instance
could “over-simplify” the photo-disinfection rate, resulting in the
generation of inaccurate information for design of a photocatalytic
disinfection system.

In this section, the applicability of the Hom series models was
evaluated for the representation of photo-disinfection kinetics of
E. coli in the ASP system with three different inactivation char-
acteristics. Mostly, the TiO,-K inactivation profile begins with (i)
a lag or initial smooth decay, known as the “shoulder”, followed
by (ii) a typical log-linear inactivation region, and ends with (iii)
a long deceleration process at the end of the disinfection, which
is known as the “tail” [4]. Within the Hom series models, three
different Hom-based empirical models — namely, the Hom model,
modified-Hom model and Hom-Power model - were compared
and evaluated. The difference in the empirical modes is the number
of empirical parameters, which directly correspond to the num-
ber of non-linearity that occurs within a disinfection profile. In
all instances, the photo-disinfection kinetics was assumed to be
demand-free, where the photocatalyst loading is constant with
contact time.
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Table 1
Estimated values for the empirical Hom series parameters during the photocatalytic inactivation kinetics of E. coli under optimum operational conditions.
Empirical model k kq ko k3 m n X No Correlation
coefficient R?
Hom 0.0622 - - - 0.8792 0.4288 - - 0.9821
Modified Hom - 5.7561 0.0288 6.2582 - - - - 0.9904
Hom-Power 3.9687 - - - 0.2945 0.9008 1.0009 8.00E+06 0.8117
Hom [44] proposed the empirical Hom model after it was L
observed that the survivor plots of natural algal-bacterial systems .
were curvilinear, rather than typical log-linear type (Eq. (3)); 100 150 200 250 300 350 400

N _ nrm
logN—O_—kC T (3)

where log N/N, =log bacterial reduction unit; N is the bacte-
rial population at time, t; N, is the initial bacterial population;
k=experimental reaction rate; C=concentration of photocatalyst
used; T is the applied irradiation time and m, n=empirical param-
eters. This two-parameter empirical model predicts the bacterial
inactivation in a non-linear function for both C and T and is directly
dependent on the model parameters n and m, respectively. Owing
to the two-parameter nature of the model, it can only account for
either shoulder or tailing characteristics but not both. A modifi-
cation (Eq. (4)) to incorporate an additional empirical parameter
was made to accurately account for the three different inactivation
characteristics [4,35];

log 11~ = ~ki[1 — exp(~k>0) (4)
o]

where k1, k; and k3 is the empirical constants for the modified Hom
model. Similarly, a further modification was modified and inte-
grated according to the Rational Model with the introduction of
parameter x to yield the Hom-Power model (Eq. (5)) [45];

N log[1+Ny~'(x — 1HkC"T™]
No — (x-1)

where x is the additional empirical parameter for the Hom-Power
model. Table 1 shows the evaluation and comparison of the Hom
model series for modelling the photo-disinfection activity using the
TiO,-K under the optimum condition. All these models were then
fitted to the experimental data via a non-linear approach, where
the Excel® solver function was used together with the correlation
coefficient as an indicator for the degree of fittingness. The out-
comes revealed that both the Hom and modified Hom models show
a high degree of fittingness, while the Hom-Power model was over-
parameterization. These were evidenced from the high correlation
to unity by the Pearson correlation coefficient values (R2). It was
found that the Hom model has a limited application under the opti-
mum condition only, where the shoulder characteristic becomes
less subtle. The m-value for the Hom model was then estimated to
be 0.8792, which only accounted for the tailing region of the E. coli
inactivation curves. This m-value actually suggested the presence
of strong tailing during the disinfection in the ASP system. Similar
tailing observation with m-value less than unity was observed by
Roy et al. [46] during their ozone inactivation study on poliovirus
type L.

Abetter fittingness was observed with the modified Hom model
under the optimum condition. It was found that the modified Hom
model gives a more realistic mathematical expression as it takes
into account the three different inactivation characteristics in the
kinetic profiles. Marugan et al. [4] have used a similar modified
Hom model for the photo-disinfection kinetic modelling of E. coli
using standard P-25 TiO,. By comparison, we found that the TiO;-K
used in this study has a comparable photo-disinfection activity but
possesses an additional separation edge for possible large-scale

log (5)

Log N/N,, = -4.297(1-e 0 0215)1 45
/ R?=0.9744
Log N/N, = -5.756(1-e 77259528
R?=0.9904

-&-10*5 CFU/mL

-&-10%6 CFU/mL
Log A/N, =-6.051(1-e %0977

2.
R*=0.9689 —=108 CFU/mL

Bacterial Log Reduction
&

-7 Irradiation time (min)

Fig.7. Fitting of modified Hom model to the photocatalytic inactivation kinetics of E.
coli for different initial bacterial populations under optimum treatment conditions.
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Fig. 8. Comparison of the Hom series model for the fitting of photocatalytic inacti-
vation kinetics of E. coli at optimum treatment conditions.

operation. Fig. 7 shows the fitting of the modified Hom model for
different bacterial loadings along with its empirically estimated
parameters. A low degree of fittingness, however, was observed
with the Hom-Power model, when comparing its R? value with
the other Hom series models. This four-parameter empirical model
was found to have logarithmic-constrained inflexion on the bacte-
rial inactivation modelling, to simultaneously represent shoulder
and tailing behaviours. A comparison plot on the fitting of the dif-
ferent Hom series models under optimum condition is shown in
Fig. 8. Thus, it can be concluded that the modified Hom model pro-
vides a more realistic empirical model to account for the non-linear
photo-disinfection profiles of E. coli in the ASP system.

4. Conclusion

The photo-disinfection kinetics of a sewage-isolated E. coli strain
(ATCC11775)using TiO,-K particles as an alternative photocatalyst
was successfully demonstrated in this study. Under the illumi-
nation of UV-A light, a 5-log bacterial reduction was achieved in
70min at the optimal operation conditions. The optimal operat-
ing conditions for the ASP system were experimentally determined
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as 6gL-! TiO,-K loading, pH 4.0 and 7.5Lmin~"! aeration rate. It
was, however, found that the TiO,-K catalyst was operable under
a wider span of pH conditions, of up to pH 7.0 when compared to
other conventional photocatalysts. A very low photo-disinfection
rate was given at pH 10.0, which is related to the surface charge
alteration of PZC (TiO,-K) that weakens the E. coli interaction link.
All disinfection experiments demonstrated a highly non-linear bac-
terial inactivation kinetic profile, which started with shoulder lag,
log-linear bacterial deactivation and prolonged tailing. The shoul-
der characteristic was strongly influenced by both the optimal
TiO,-K dosing and homogeneous dispersion. Subsequent evalua-
tion on the aptness of the Hom series model in representing the
photo-disinfection of the TiO,-K catalyst in the ASP found that the
modified Hom model is the best empirical model. Both the Hom
and Hom-Power model were seen to under and over-parameterize
the kinetic profiles with three different inactivation regions. From
this study, it is anticipated that the ASP-TiO,-K system could be
applied as an alternative disinfection method to replace the current
chemical disinfectant methods in the water industry.
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