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� CNT and its composites with TiO2 had
much higher disinfection efficiencies
than bare TiO2.

� The physical bacterial capture was
the dominant disinfection
mechanism.

� The highest disinfection rate was
found at an optimum CNT:TiO2 ratio
of 5:1.

� �OH was the influencing reactive ox-
ygen species on the photocatalytic
disinfection.
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Magnetic carbon nanotube (MCNT) composites with titanium dioxide (TiO2) have an enhanced photo-
catalytic disinfection efficiency (i.e. higher disinfection rate) and better applicability (i.e. solar light
applicability and catalyst separation using its magnetic property) than bare TiO2 and/or MCNT. However,
the role and mechanism of MCNT in the disinfection process are still unclear. Therefore, this study aimed
at investigating the disinfection mechanism of Escherichia coli using MCNT-TiO2 nanocomposites under
various conditions (i.e. the presence and absence of light and reactive oxygen species scavengers, and
different MCNT-TiO2 ratio) and photocatalytic disinfection models. The results showed that (i) MCNT and
its nanocomposites with TiO2 had much higher disinfection efficiencies than bare TiO2, (ii) the physical
bacterial capture was the dominant disinfection mechanism, (iii) the higher disinfection rate was found
at an optimum MCNT:TiO2 ratio of 5:1 under the tested experimental conditions, (iv) hydroxyl radical
(�OH) was the influencing reactive oxygen species on the photocatalytic disinfection using MCNT-TiO2,
and (v) good correlation between experimental parameters (i.e. carbon contents, surface area and
concentration of MCNT-TiO2) and the contribution rate of physical and photocatalysis reactions. The
finding from this study and the methods proposed herein are essential for understanding the photo-
catalytic disinfection processes using TiO2 and its carbonaceous nanocomposites, which can promote the
application of photocatalytic disinfection process.

© 2019 Elsevier Ltd. All rights reserved.
teia).
1. Introduction

The occurrence of pathogens (e.g. viruses, bacteria, protozoa and
algae) in water sources possess a high risk of contracting
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waterborne diseases, which include cholera, typhoid, hepatitis A
and E, and polio (Bennett, 2008). Besides, certain gut commensal
and pathogenic strains of Escherichia coli and other proteobacteria
produce genotoxins implicated in colorectal cancer pathogenesis
(Wilson et al., 2019). Therefore, water disinfection is essential for
removing these pathogens from water. Chemical disinfectants (e.g.
chlorine, chloramine, and ozone) can cause oxidative damage on
pathogen cells, but the low removal efficiency of highly resistant
pathogens (King et al., 1988), the large consumption of toxic
chemicals and the risk of forming carcinogenic disinfection
byproducts (DBPs) (Nieuwenhuijsen et al., 2000; Ryan M.
Brookman et al., 2011; Li et al., 2017a, 2017b; Ateia et al., 2019)
limit their application. Ultraviolet irradiation can inactivate path-
ogens through direct damage on DNA structure without using any
chemical (Song et al., 2016; Li et al., 2017a, 2017b), but the reac-
tivation of microorganisms through repair mechanisms and the
energy consumption are major disadvantages. Hence, it is still a
major challenge to develop antimicrobial agents that can effectively
and safely remove pathogens.

Heterogeneous photocatalysis by semiconductors and engi-
neered nano-materials (ENMs) present new alternative disinfection
techniques for the removal of pathogens from water with high
reactivity and no formation of DBPs (Ayekoe et al., 2017; Li et al.,
2008). Among semiconductor photocatalysts, TiO2 is the most
promising material because it is non-toxic, cheap, chemically and
biologically inert, photostable and highly reactive (Friedmann et al.,
2010). The main disinfection mechanism was reported as the
photochemical oxidation of the intracellular coenzyme by extra-
cellular reactive oxygen species (ROS) (i.e. hydroxyl radical (�OH))
(Ouyang et al., 2016). In addition, carbon nanotubes (CNT) is
another ENMs that showed antibacterial activities, however, the
major disinfection mechanisms were via the physical capture of the
bacteria fromwater, the isolation of the bacterial cell envelope, and
the rapture of cell wall (Moon and Kim, 2010; Su�arez-Iglesias et al.,
2017; Thines et al., 2017). Thus, CNT-TiO2 nanocomposite could
combine both disinfection mechanisms and shown higher and
faster disinfection activity than bare TiO2 (Ganguly et al., 2018;
Krishna et al., 2005).

As shown in Table S1, different observations and hypothesis
were found in the literature on the disinfection performance and
mechanism by CNT-TiO2 nanocomposites. Krishna et al. (2005)
investigated the disinfection of Bacillus cereus and E. coli using
bare TiO2 and CNT-TiO2 nanocomposites under UV light irradiation.
The inactivation of B. cereus using CNT-TiO2 was twice faster than
with bare TiO2, while the authors reported ‘no disinfection’ of E. coli
using CNT-TiO2, thus hypothesizing that the morphology of E. coli
caused steric effect and hindered the contact between photo-
catalyst and cell wall. However, a recent study by Koli et al. (2016b)
has reported on an enhanced photocatalytic antibacterial activity
for E. coli using CNT-TiO2 nanocomposites due to the presence of
CNT under visible light. On the other hand, Kang et al. (2007) re-
ported that CNT exhibited strong antimicrobial activity against
E. coli and concluded that cell membrane damage by the direct
contact with CNT aggregates is the likely mechanism leading to
bacterial cell death. Another study by Moon and Kim (2010) illus-
trated that magnetic CNT can adsorb on bacterial cells and physi-
cally remove them from the solution by applying a magnetic field.
Similarly, Akasaka and Watari (2009) found that CNT captured
Streptococcus mutans in water and made the colony-forming unit
decrease. Basically, the combination of CNT and TiO2 indicated
higher disinfection removal relative to the bare TiO2 itself. Despite
this potential, the understanding on the major enhancement
mechanism of CNT in CNT-TiO2 photocatalytic disinfection is still
fragmentary, indicating knowledge gap that hinders our under-
standing of the disinfection mechanism by CNT-TiO2
nanocomposites (Awfa et al., 2018).
Here in, we considered all limitation in the literature and

designed this systematic study to elucidate the disinfection
mechanisms of E. coli using MCNT-TiO2 nanocomposites. Inherent
MCNT-TiO2 was chosen in this study due to easy magnetic sepa-
ration and the preparation of MCNT itself will not affecting the
chemical composition of external nanotube walls (i.e. same prop-
erties with CNT) (Ateia et al., 2017). To this end, our specific ob-
jectives were to evaluate: 1) the effect of CNT:TiO2 mass ratios in
the nanocomposite on the disinfection activity, 2) the inactivation
efficiency under different doses of CNT-TiO2 nanocomposites, 3) the
role of different ROS on the system performance, and 4) the role of
each component in the nanocomposite (i.e. CNT and TiO2) in the
disinfection process.

2. Materials and methods

2.1. Materials

A commercial industrial grade of CNT (multi-wall, purity> 92%,
length 10e30 mm) with Brunauer-Emmet-Teller (BET) surface area
>150m2 g�1 was purchased from Chengdu Alpha Nano Technology,
China. Titanium (IV) oxide P25, anatase (particle size< 25 nm) with
BET surface area 45e55m2 g�1 were used as a precursor of TiO2 and
purchased from Sigma-Aldrich, Japan. Permanent magnet (Nd-Fe-B
MAGNET) was provided by Magna Co., Japan. Ethanol, sodium ox-
alate and isopropanol were purchased from FUJIFILM Wako Pure
Chemical Co., Japan. E. coli K12 strains (NBRC3301) were provided
by NITE Biological Resource Center, Japan. Luria-Bertani (LB)
nutrient medium (L3022) and LB agar medium (L2897) were also
sourced from Sigma-Aldrich, Japan.

2.2. Synthesis of magnetic CNT (MCNT-TiO2) nanocomposites

MCNT was prepared according to the method reported by Ateia
et al. (2017). Briefly, 0.5 g of as-received CNT was dispersed in
100mL of ethanol solution followed by sonication. Next, the mag-
netic fraction of CNT was separated by a permanent magnet, and
the non- and/or low-magnetic fractions were discarded. This cycle
was repeated 3 times. The same procedure was repeated by using
ultrapure water as a solvent. Afterwards, the material was dried at
105 �C overnight and stored at room temperature until use. The
produced MCNT was used for MCNT-TiO2 synthesis (Ateia et al.,
2017, 2018).

MCNT-TiO2 nanocomposites were prepared based on the elec-
trostatic attraction method reported by Tarigh et al. (2015) with
some modifications. First, MCNT was dispersed in ethanol and
sonicated for 60 s (solution A). On parallel, TiO2 powder was also
dispersed in ethanol and sonicated for 60 s (solution B). Afterwards,
the mixture of solution A and B was sonicated for 60 s followed by
mixing with a magnetic stirrer for 12 h. Then, the nanocomposites
were separated by a permanent magnet, washed with the same
procedure as the MCNT synthesis (i.e. using ethanol followed by
ultrapure water) and dried at 105 �C overnight. Five different
MCNT-TiO2 nanocomposites were prepared with the mass ratio of
MCNT over TiO2 of 10:1, 5:1, 1:1, 1:5 and 1:10. These mass ratios
were selected based on our previous evaluation, where the opti-
mum mass ratio between MCNT over TiO2 was within this range
(Awfa et al., 2019).

2.3. Characterization of MCNT-TiO2 nanocomposites

The carbon contents in the MCNT and the five MCNT-TiO2
nanocomposites were determined using gravimetry method by
calcining the samples at 700 �C for 2 h (Yap and Lim, 2012). The
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crystallinity of MCNT and MCNT-TiO2 were determined with X-ray
diffraction (XRD) in Rigaku MiniFlex 600 powder diffraction meter
using Cu Ka (l¼ 1.5406 Å) radiation and recording 2Ө range from
10 to 80�. Brunauer-Emmet-Teller (BET) method by nitrogen
adsorption at 77 K obtained with Micrometritics ASAP 2020, Japan,
determined the specific surface area and the pore volumes.
Transmission electron microscopy-energy dispersive X-ray spec-
troscopy (TEM-EDX) was used to observed samples microstructure
and elements (JEM-2010F). Fourier transform infrared (FT-IR)
spectrometer (JASCO FTIR 4600, Japan) was used to measure FT-IR
spectra of the samples in the range of 4000e400 cm�1 using KBr
plate. Samples morphologies were analyzed with a scanning elec-
tron microscopy (SEM) operating (Hitachi SU9000, Japan). Mag-
netic properties of the samples were measured by using a vibrating
sample magnetometer (VSM). All of the magnetization results were
normalized with the total weight of the sample.
2.4. Incubation and counting of E. coli

Fresh liquid cultures of E. coliwere prepared by inoculation in an
LB nutrientmedium and incubation at 37 �C for 24 h under constant
stirring on a shaker (stationary phase). To prepare the reaction
suspensions, 1.0mL of the liquid culture was centrifuged at
3000 rpm for 15min at 4 �C to recover the bacteria and washed
with phosphate buffer two times. Prepared E. coli suspension was
diluted to achieve an initial concentration of bacteria
(1.0e2.0� 106 CFUmL�1). For the bacteria counting, plate dilution
method was employed. Briefly, the sample solution was diluted
with proper rate using sterilized ultrapurewater andmixedwith LB
agar medium. Three plates were prepared for each dilution rate.
After incubation for 24 h at 37 �C, the emerged colonies were
counted.
Fig. 1. First order rate constants of E. coli disinfection from the disinfection experiment
using MCNT-TiO2 with different MCNT ratio (R2: 0.81e0.99). Catalyst concentration
was 0.50 g L�1. Error bars represent ±(standard deviation) from duplicate experiments
where cell counting was conducted in triplicate.
2.5. Photocatalytic disinfection experiment

Specific concentrations of bacterial strains
(1.0e2.0� 106 CFUmL�1, 100mL) were mixed with appropriate
load of catalyst (0.10, 0.25, 0.50 and 1.00 g L�1) and mass ratio be-
tween MCNT and TiO2 (10:1, 5:1, 1:1, 1:5 and 1:10). The variation in
the load of catalysts were chosen based on the previous photo-
catalytic disinfection studies (Rinc�on and Pulgarin, 2003). However,
optimum catalyst loading might be different from each study and it
should be noted that high loading of the catalyst can lead to
increasing the treatment cost. BareMCNTand TiO2were also tested.
A solar simulator (MS-35AAA, Ushio Lighting Edge Technologies,
Japan) at maximum wavelength of 550 nm with an intensity of
1000Wm�2 (i.e. 360 J cm�2 for 60min irradiation) was used as a
light source and both presence and absence of the light were
checked. The solution was mixed by a stirrer and the treated
samples were collected at various contact time (0, 10, 20, 30 and
60min). For the catalyst separation after the photocatalysis, a
Table 1
Characteristics of TiO2, MCNT, and MCNT-TiO2 nanocomposites used in this study.

Catalysts Carbon Contents (%) SA (m2 g�1) PVtotal (cm3 g�1) [%] PVmicro (cm

TiO2 e 56 0.24 [100] 0.002 [0.8]
MCNT 94 201 1.50 [100] 0.01 [0.7]
MCNT-TiO2 (10:1) 87 188 1.92 [100] 0.01 [0.5]
MCNT-TiO2 (5:1) 71 177 1.44 [100] 0.01 [0.7]
MCNT-TiO2 (1:1) 51 156 1.26 [100] 0.01 [0.8]
MCNT-TiO2 (1:5) 32 151 1.20 [100] 0.01 [0.8]
MCNT-TiO2 (1:10) 28 144 1.18 [100] 0.01 [0.8]

SSA is specific surface area, PVtotal is total pore volume, PVmicro is the volume of micropore
is the volume of macropores (i.e., PV> 50 nm).
permanent magnet was put under the beaker with the sample
immediately after the contact time. The supernatant was taken
after 5min for the separation. Then, survived bacteriawere counted
by plate dilution method. For the bare TiO2 case, the catalyst was
not separated after the contact time because of no magnetic
property and the solution containing TiO2 was directly incubated
for the bacterial enumeration. Because the previous studies re-
ported that the SEM/TEM images and visual inspection of the Petri
dish pictures did not demonstrate any evidence of TiO2 effect on the
plate count assays, it is assumed in this study that the results are
comparable to the sample with MCNT-TiO2 separation (Uyguner-
Demirel et al., 2018). After the disinfection, MCNT-TiO2 was
observed by SEM (FE-SEM S-4700 (HITACHI)) to confirm the
structural changes of E. coli cells. All the experiment was run at
room temperature. The pH was maintained at 7.0 using phosphate
buffer solution. All the glassware was autoclaved at 120 �C for
15min before use. Duplications were prepared for each sample.
First order equation (Eq. (1)) was employed to evaluate the kinetics.

ln
N
N0

¼ � kt (1)

where N is viable population of bacteria at time t, N0 is initial
bacteria population, and k is reaction rate constant.
3 g�1) [%] PVmeso (cm3 g�1) [%] PVmacro (cm3 g�1) [%] Magnetization (emu g�1)

0.13 [53.7] 0.11 [45.5] e

0.75 [50] 0.74 [49.3] 0.68
1.11 [57.9] 0.80 [41.6] 0.45
0.76 [52.9] 0.67 [46.4] 0.44
0.66 [52.1] 0.59 [47.1] 0.41
0.65 [54.4] 0.54 [44.8] 0.34
0.61 [52] 0.56 [47.2] 0.33

s (i.e., PV< 2 nm), PVmeso is the volume of mesopores (i.e., 2< PV 50 nm), and PVmacro
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To reveal the effect of each ROS, scavenger studies were also
conducted. Isopropanol and sodium oxalate were used as scaven-
gers for �OH and valence band holes (hþ), respectively (Cruz-Ortiz
et al., 2017).

One-way analysis of variance (ANOVA) and post hoc comparison
using Tukey's Honestly Significant Difference Test (Tukey's HSD)
were applied to compare the first order rate constant (k) for
different catalysts, catalyst concentrations and ROS scavengers.
Student t-test was conducted to compare the difference of k under
light and dark conditions.
Fig. 2. SEM images of E. coli on MCNT-TiO2 in case (a) without light and (b) with ligh
2.6. Kinetic model application

The traditional empirical kinetic models for photocatalytic
disinfection (i.e. Chick (Eq. (1)), Chick-Watson (Eq. (2)), Hom (Eq.
(3)) and modified Hom (Eq. (4)) were applied to fit the experi-
mental results.

ln
N
N0

¼ � kCnt (2)
t. Catalyst concentration was 1.0 g L�1. The mass ratio of MCNT over TiO2 was 5:1.



Fig. 3. First order rate constants of E. coli disinfection from the disinfection experiment
using MCNT-TiO2 with different catalyst concentrations (R2: 0.83e0.97). The mass ratio
of MCNT over TiO2 was 5:1. Error bars represent ±(standard deviation) from duplicate
experiments where cell counting was conducted in triplicate.
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ln
N
N0

¼ � kCntm (3)

ln
N
N0

¼ �k1½1� expð�k2tÞ�k3 (4)

where N is the viable population of bacteria at time t, N0 is the
initial microbial population, k is the reaction rate constant, C is the
concentration of the disinfectant, and m and n are the empirical
constants.

As a more mechanistic model, Langmuir-Hinshelwood (LH)
based kinetic model (Eq. (5)) was also applied to the results
(Marug�an et al., 2008). Because MCNT-TiO2 can act as a good
adsorbent, the assumption for the photocatalytic disinfection ki-
netic model based on adsorption approach (i.e. LH model) is ex-
pected to be reasonable. Plus, the constants derived from this
model have physical meanings while those from the traditional
empirical models sometimes do not. Thus the LH based model
enhances more the understanding of the mechanism.

�dN
dt

¼ kKNn

1þ KNn (5)

where N is the viable population of bacteria at time t, k is the rate
constant of the reaction of ROS with bacteria, K represents pseudo-
adsorption constant, and n is the inhibition coefficient coming from
the competition for ROS between bacteria and intermediate com-
pounds. Nonlinear regression by Microsoft excel solver was used to
find the constants.
Fig. 4. First order rate constants of E. coli disinfection from the disinfection experiment
using different scavengers (R2: 0.97e0.98). The mass ratio of MCNT over TiO2 was 5:1.
Catalyst concentration was 0.10 g L�1. Error bars represent ±(standard deviation) from
duplicate experiments where cell counting was conducted in triplicate.
3. Results and discussion

3.1. Materials characterization

The characteristics of thematerials used in this study (i.e. carbon
contents, specific surface area (SSA), pore volume distribution and
magnetization) are shown in Table 1. The magnetization and SSA
decreased with the increment of TiO2 mass, which confirm the
anchorage of TiO2 on the surface of MCNT (Fig. S1 and Table 1). Due
to non-homogeneous distribution of magnetic nanoparticle inside
the CNT, the magnetization for different MCNT-TiO2 mass ratios are
not proportionally linear with the amount of MCNT (Ateia et al.,
2017). PV distribution showed that meso pores (i.e.
PV¼ 2e50 nm) and macro pores (i.e. PV> 50 nm) were dominant
for all samples. SEM images of bare TiO2, MCNT and nanocomposite
with different mass ratios of MCNT over TiO2 are shown in Fig. S2.
The surface of MCNT-TiO2 was covered by TiO2 aggregates at lower
MCNT ratio over TiO2. TEM images and EDX analysis indicated that
cobalt particles were in the tubes and theywere themajor source of
the magnetic property of MCNT (Fig. S3 and Fig. S4). These metallic
cobalt particles accounted for ~6% of the nanocomposite mass
content (Table 1). Previous studies also reported that the metallic
content (i.e. Fe, Ni, or Co) led to the inherent magnetic character-
istics of MCNT (Vejpravova et al., 2016). The presence of cobalt
inside MCNT-TiO2 system will not affected the photocatalytic
disinfection mechanism of MCNT-TiO2, because these metallic
particles are stable and difficult to release, even in concentrated
acids at high temperature (Ateia et al., 2017).

The surface chemistry of the samples was characterized by FT-IR
(Fig. S5). For both of MCNT-TiO2 nanocomposites and pristine TiO2,
a peak at 450 cm�1 was observed, which is assigned to TieO bond.
Peaks at 3730 cm�1 and 3380 cm�1 were assigned to OeH
stretching. Other peaks were observed at 1520 cm�1 and
970 cm�1 indicated C]C bond. In addition, peaks at 690 cm�1 were
induced by the frequency of CeH (Wang and Zhou, 2010). Twomain
XRD diffraction peaks were observed in MCNT (2q¼ ~26� and 43�)
due to its graphene like structure (Fig. S6) (Ateia et al., 2017). Two
peaks in bare TiO2 consisted of both anatase (2q¼ ~25.3�) and rutile
(2q¼ ~27.4�) TiO2, and all MCNT-TiO2 nanocomposites showed
these two peaks that were consistent with the mass ratio of MCNT
and TiO2. In case of low TiO2 content, an overlap with MCNT peaks
was observed. The diffraction peak of TiO2 contained both anatase
(main diffraction peak at 2q¼ ~25.3�) and rutile (main diffraction
peak at 2q¼ ~27.4�) TiO2 peaks. Ye et al. (2018) reported that the
polymorphous of TiO2 (i.e. a mixture of anatase and rutile) have
shown better photocatalytic activity and narrower band gap than
each of them individually.
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3.2. Effect of MCNT:TiO2 mass ratio on the disinfection activity

Photocatalytic disinfection experiments using the catalysts with
different MCNT:TiO2 mass ratio were conducted on the assumption
that both photocatalytic and physical inactivation or removal
occurred under the light condition, but only physical inactivation/
removal happened under the dark condition (Kang et al., 2008; Koli
et al., 2016b; Moon and Kim, 2010). As shown in Fig. 1, under light,
the overall reaction rate constants of MCNT-TiO2 were significantly
higher than the bare TiO2 and the direct photolysis (Turkey's HSD,
p< 0.05). Higher photocatalytic disinfection of MCNT-TiO2 can be
attributed to the increment of reactive surface area, extension of
wavelength absorption to the visible light region (i.e. band gap
reduction), and suppression of electron-hole recombination (Koli
et al., 2016b; Zhang and Oh, 2010). Under light, the rate constant
of MCNT-TiO2 mass ratio of 5:1 (k¼ 0.52± 0.005min �1) was sta-
tistically significantly higher than MCNT-TiO2, bare TiO2 and MCNT
(Tukey's HSD, p< 0.05) (Fig. 1). Apparently, excess MCNT weakens
the photocatalytic ability due to the lack of TiO2, and decreasing the
MCNT content limits the physical capture and interaction between
MCNTand TiO2 due to the aggregation of TiO2 (Akasaka andWatari,
2009; Koli et al., 2016b). It should be highlighted that the reaction
rates of bare TiO2 were lower than direct photodisinfection (i.e.
experiments without catalyst). The possible reasons for this
reduction include the light scattering effect of by TiO2 particles as
well as the weak light penetration into the solution (Rinc�on and
Pulgarin, 2003).

3.3. The role of MCNT and TiO2 in the nanocomposite on the
disinfection activity

For the optimum MCNT-TiO2 ratio (i.e. 5:1), the difference be-
tween light and dark conditions was much larger (i.e. more than
45% increase) than the other cases (only< 25% increase), and was
statistically significant (Student t-test, p< 0.05). The limited effect
of light under the other conditions indicates that physical bacterial
removal or inactivation by MCNT was more dominant than pho-
tocatalytic disinfection. In addition, SEM images revealed that light
killed the captured bacteria on the surface of MCNT-TiO2, while the
morphology of E. coli under treatment without light retained the
smooth surface on MCNT-TiO2 (Fig. 2). This was possibly because of
the high carbon content reduces the light adsorption and thus
decrease the performance of TiO2 to produce radical for photo-
catalytic disinfection (Moon and Kim, 2010). It should be noted that
SEM images with single cell may not be representative for all
bacteria community (Sondi and Salopek-Sondi, 2004);
Fig. 5. E. coli survival ratio transition with time from the disinfection experiment using (a)
Dotted lines show the curves obtained from Hom model.
nevertheless, we saw similar observations in other SEM images
under light and dark conditions (data not shown).

Interestingly, previous studies reported that CNT-TiO2 with low
carbon contents (i.e. 0.5wt%) showed the best bactericidal disin-
fection (Koli et al., 2016a, 2016b). However, they did not separate
the catalyst after the reaction and directly incubated the bacteria
with the catalyst. Therefore, it is expected that they counted the
captured bacteria as remained inwater. In contrast, our experiment
clearly distinguished the captured bacteria from free bacterial cells
in water. Such different experimental approaches might result in
the different optimum mass ratio between CNT and TiO2. Never-
theless, SEM analysis found similar observations in the previous
studies. Kang et al. (2008) reported the E. coli destruction by single-
wall CNT but multi-wall CNT (i.e. same as this study) did not
destroy the bacteria. In the case of the photocatalysis, Liu et al.
(2019) showed the SEM images that revealed the E. coli inactivation.

3.4. Effect of MCNT-TiO2 concentration on the disinfection activity

The highest rate constant (i.e. 0.06min�1) was recorded when
MCNT-TiO2 loading was 1.00 g L�1 (Fig. 3), significantly higher than
the loading of 0.10 and 0.25 g L�1 (Tukey's HSD, p< 0.05) while not
significantly higher than the case of 0.50 g L�1 (Tukey's HSD,
p> 0.05). On the other hand, the difference in rate constants be-
tween light and dark condition (i.e. the effect of light) was the
largest at the catalyst concentration of 0.10 g L�1 (Stduent t-test,
p< 0.001), and it decreased with the increment of the catalyst
concentration, indicating that 0.10 g L�1 was the best for the pho-
tocatalytic activity (i.e. 0.033min�1). It means that the light effect
(i.e. photocatalytic reaction) decreased proportionally to the
increment of the catalyst loading while physical removal/inactiva-
tion showed the opposite trend. This is probably because the
turbidity caused by the high catalyst concentration attenuate light
penetration to the active site of the catalyst (Maness et al., 1999)
and at the same time the high catalyst concentration provide more
active adsorption sites, resulting in the dominant physical removal
(Akasaka and Watari, 2009).

3.5. Effect of different ROS species on the disinfection activity

When the photocatalyst is irradiated by light with a proper
wavelength, hþ are generated and it oxidize H2O to produce �OH.
Then, the produced �OH as well as hþ can disinfect bacteria due to
their high oxidizability (Lebedev et al., 2018). The experiment
highlighting the role of each ROS showed that the decrease in both
total removal and rate constant was observed when either
different mass ratio of MCNT over TiO2, and (b) different concentration of MCNT-TiO2.



Fig. 6. Influence of (a) carbon contents (catalyst concentration: 0.50 g L�1), (b) SSA
(catalyst concentration: 0.50 g L�1) and (c) the catalyst concentration (catalyst type:
MCNT-TiO2 (5:1)) on k from Hom model. Approximately straight lines for MCNT-TiO2

plots were shown as dotted lines.
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scavenger was added, and isopropanol inhibited disinfection pro-
cess more than sodium oxalate (Fig. 4). The significant decrease in
rate constants when adding scavengers (Tukey's HSD, p< 0.05)
proved that not only the physical interaction between bacteria and
MCNT-TiO2 but also the photocatalytic reaction indeed took place,
and the inactivation due to �OH produced by photocatalyst was the
dominant mechanism in the disinfection process. In a previous
study, Ouyang et al. (2016) used C70eTiO2 hybrid as a photocatalyst
for E. coliO157:H7 disinfection under visible light and also observed
that �OH was more dominant than valence band (VB).

3.6. The role of each component in the nanocomposite in the
disinfection process

Previous study indicated that disinfection model showed good
prediction (R2> 0.8) for the physical removal of organic pollutant
by carbon material (i.e. activated carbon) (Ziska et al., 2016).
Therefore, the existing disinfection model could be useful to
explain the role of each component in MCNT-TiO2; where physical
separation of E. coli can be amajor removal role. Among the applied
four models, modified Hommodel showed the best fit to the results
(R2¼1.00) (Fig. S7). This is because only modified Hom model can
explain an initial delay due to the time required for the damage
accumulation, a log-linear disinfection region and a final tail
because of the presence of a microbial subpopulation resistant to
the disinfection simultaneously (Chong et al., 2010; Marug�an et al.,
2008). Hom model also showed a good R2 value (i.e. 0.99), which
was similar to modified Hom model. On the other hand, Chick
model (R2¼ 0.90) and Chick-Watson model (R2¼ 0.90) fitted rela-
tively worse than the others. Because clear shoulder curves at the
initial phase of the reaction were not observed in the results while
there were obvious tailing offs at the end of the reaction (Fig. 5), the
models that can explain the tailing off fitted well (i.e. Hom and
modified Hom model). Although modified Hom model showed the
best R2 value among the four models, two of the three constants
(i.e. k1 and k3) do not have physical meanings, and thus cannot infer
the disinfection mechanisms. Herein, Hommodel was employed as
a next step to discuss the linkage of its rate constant to the exper-
imental parameters.

As the result of the application of Hommodel, Fig. 6 explains the
relationships between the rate constant k and experimental pa-
rameters (i.e. carbon contents, SSA and catalyst concentration)
(Table 1), and all the parameters showed the linear relationships
with k value for MCNT-TiO2. Positive correlation between carbon
contents and k indicates the dominant effect of physical interaction
of bacteria with the catalyst, and this explanation does not
contradict with the experimental results. The k values obtained
from TiO2 were out of the correlation and almost same as the
smallest one among the MCNT-TiO2 cases.

LH based kinetic model also fitted well to the results (i.e. R2 was
0.99, Fig. S8), and there were clear relationships between two
constants (i.e. k and K), and carbon contents, SSA and the catalyst
concentration (Fig. 7). The value of k, the rate constant of the re-
action of ROS with bacteria, drastically decreased between 28% and
32% of carbon contents, 144m2 g�1 and 151m2 g�1 of SSA, and
0.10 g L�1 and 0.25 g L�1 of the catalyst concentration. At the same
point, the value of K, pseudo-adsorption constant, jumped up. This
result is because high carbon contents, that led to higher SSA, and
high concentration of the catalyst allowed more adsorption and
limited the interaction with ROS (i.e. photocatalysis). In addition, it
inferred that the dominant bacterial removal/inactivation mecha-
nism shifted from the photocatalysis to the physical reaction at
certain points in terms of the tested parameters (i.e. carbon con-
tents, SSA and catalyst concentrations). For the values of n, there
were no correlations with the experimental parameters (data not
shown), and therefore, it is concluded that the effect of the reaction
inhibition due to the competition for ROS between bacteria and
intermediate compounds was not controlled by these experimental
parameters.

4. Conclusions

In this study, the deactivation mechanism of E. coli using MCNT-
TiO2 nanocomposites was investigated under solar light irradiation.



Fig. 7. Influence of (a) carbon contents on k, (b) SSA on k (catalyst concentration: 0.50 g L�1), (c) catalyst concentration on k, (d) carbon contents on K (catalyst concentration:
0.50 g L�1), (e) SSA on K, and (f) catalyst concentration on K (catalyst type: MCNT-TiO2 (5:1)). Solid circles (�) and open circles (B) were MCNT-TiO2 and TiO2, respectively. k and K
were obtained from LH based model.
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The main findings and recommendations for future studies are
summarized as follows:

C The optimum ratio of MCNT over TiO2 and catalyst concen-
tration for the experimental condition in this study were 5:1
and 1.0 g L�1, respectively. However, in terms of the photo-
catalytic reaction, the best concentration was 0.10 g L�1, and
�OH worked as the dominant ROS.

C The physical bacterial capture and/or inactivation happened
at the same time with the photocatalytic process, and it
contributed dominantly to the overall bacterial removal
especially when the catalyst concentration was high.

C Photocatalytic oxidation could kill the captured bacteria by
MCNT-TiO2 and remaining damaged cells were observed
within the bundles of nanotubes.

C Carbon contents, SSA and concentration of MCNT-TiO2 are
likely related to the contribution rate of physical and pho-
tocatalytic reaction, and the dominant bacterial removal/
inactivation mechanism shifted from photocatalysis to
physical reaction as the dose of the nanocomposite
increased.

For the further work, the following points are recommended.

C For deeper understanding of the disinfection mechanisms
and the mechanistic model applicability, the relationships
between rate constant (k) and other experimental parame-
ters (e.g. light intensity and initial bacterial concentrations)
need to be investigated.

C Since the contribution rate of physical and photocatalytic
reaction to the whole disinfection process can be controlled,
disinfection by MCNT-TiO2 is a simple and fast removal
process of bacteria (i.e., physical) and is continuous bacterial
inactivation process (i.e. photocatalysis).
C More studies should address the optimization and the
application of CNT-TiO2 for water disinfection under realistic
conditions (e.g. in the presence of natural organic matter and
turbidity), which might be influential on the system
performance.
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