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In  this  work,  an  effective  photocatalytic  inactivation  of  Escherichia  coli  K-12  was  investigated  using  a
series  of  synthesized  Ag/AgX-CNTs  (X  = Cl, Br,  I) composites  as photocatalysts  under  visible  light (VL)
(�  ≥ 400  nm)  irradiation.  The  results  showed  that the  visible-light-driven  (VLD)  Ag/AgBr-CNTs  could  com-
pletely  photocatalytically  inactivate  1.5  × 107 cfu mL−1 of E. coli  within  40 min,  which  was  superior  to
Ag/AgCl-CNTs  and  Ag/AgI-CNTs.  Moreover,  photocatalytic  bactericidal  mechanism  of  the  Ag/AgX-CNTs
was  investigated  by  using  various  scavengers  to remove  the respective  reactive  species  and  at  different
wavelengths  of  VL.  It  was  found  that photocatalytic  inactivation  of  E.  coli was  much  more  efficient  under
hotocatalytic activity
echanism

acterial inactivation
isible light

VL  with  435  nm  wavelength  and  the  photogenerated  holes  played  an  important  role  in  this  photocatalytic
inactivation  system.  In addition,  the  stability  and  deactivation  mechanism  of  Ag/AgX-CNTs  photocatalysts
during  photocatalytic  bacterial  inactivation  were  also  studied,  and  the  results  showed  that  the  organic
debris  of  decomposed  bacteria  may  be absorbed  on  the active  sites  of  the photocatalysts  leading  to the
decrease  of  the  photocatalytic  activity.

© 2014  Elsevier  B.V.  All  rights  reserved.
. Introduction

With urbanization and industrialization, the environmental
ollution caused by hazardous wastes has been become an
verwhelming problem around the world [1]. Water is a basic
ommodity needed in ever-increasing quantities by human soci-
ty. However, many water sources are polluted not only by various
azardous chemicals but also by pathogenic microorganisms [2,3].
raditional water disinfection methods such as chlorination and
zonation have shown disadvantages related to the production
f potentially hazardous disinfection byproducts [4,5]. Therefore,
he development of more effective water purification technologies

ith or without hazardous disinfection byproducts has become an
rgent issue. The semiconductor photocatalysis technique provides
n environmentally friendly method for completely eliminating

∗ Corresponding author. Tel.: +86 20 85291501; fax: +86 20 85290706.
∗∗ Corresponding author. Tel.: +852 3943 6383; fax: +852 2603 5767.

E-mail addresses: antc99@gig.ac.cn (T. An), pkwong@cuhk.edu.hk (P.-K. Wong).

ttp://dx.doi.org/10.1016/j.apcatb.2014.04.033
926-3373/© 2014 Elsevier B.V. All rights reserved.
various contaminants. In 1985, Matsunaga et al. first reported that
illuminated TiO2 photocatalyst could kill bacterial cells in water
[6]. Since then, photocatalysis was  extensively studied and proved
to be a cost-effective, safe and promising alternative for wastewa-
ter treatment and water purification, and numerous studies related
to the bactericidal activity of TiO2-based photocatalysts have been
reported [7–10]. However, TiO2 photocatalyst can only be activated
in the UV-region, which is only about 4% of the solar spectrum.
Therefore, the development of new and more efficient visible-light-
driven (VLD) photocatalysts has become an attractive topic from
the viewpoint of using solar energy [11].

Some researches showed that noble metal nanoparticles, such
as Ag, Au and Pt, exhibited strong UV–vis absorption due to their
plasmon resonance, which is produced by the collective oscilla-
tions of surface electrons [12–16]. Therefore, recently much more
effort has been devoted to design Ag/AgX (X = Cl, Br, I) composite

materials due to the surface plasmon resonance (SPR) of metal-
lic Ag [1,17–20], which can dramatically enhance the absorption
of visible light (VL) and provide new opportunities to develop
VLD photocatalysts [21]. For example, it has been demonstrated

dx.doi.org/10.1016/j.apcatb.2014.04.033
http://www.sciencedirect.com/science/journal/09263373
http://www.elsevier.com/locate/apcatb
http://crossmark.crossref.org/dialog/?doi=10.1016/j.apcatb.2014.04.033&domain=pdf
mailto:antc99@gig.ac.cn
mailto:pkwong@cuhk.edu.hk
dx.doi.org/10.1016/j.apcatb.2014.04.033
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hat Ag/AgX (X = Cl,Br) [14], Ag/AgBr/TiO2 [19,22], and graphene
heets grafted Ag@AgCl [23] showed an enhanced VLD photocat-
lytic activity to degrade various organic pollutants in water. Also,
hang et al. reported an effective photocatalytic bacterial inac-
ivation using a AgBr-Ag-Bi2WO6 nanojunction system under VL
rradiation (completely killed 5 × 107 cfu mL−1 Escherichia coli K-
2 within 15 min) [24]. Hu et al. prepared a novel photocatalyst
g/AgBr/TiO2, which showed high inactivation efficiency for E. coli
nder VL irradiation [19]. However, to the best of our knowledge,
he synthesis plasmon-induced VLD photocatalytic nanocompos-
tes Ag/AgX-CNTs for photocatalytic inactivation of biohazards has
ot been reported yet.

On the other hand, photoinduced charge transfer behavior limits
he promotion in the photoconversion efficiency and the reusabil-
ty of Ag/AgX is not very well [19,24]. Therefore, loading Ag/AgX
nto a suitable supporting material may  provide an ideal solu-
ion to overcome above-mentioned drawbacks existed for this type
hotocatalysts. For instance, compared with bare Ag/AgX (X = Cl,
r), the fabricated plasmon-induced Ag/AgX loaded graphene oxide
as significantly enhanced photocatalytic activity and stability [14].
NTs has been frequently selected as a catalyst carrier owing to its
ollow and layered structure as well as unique physical-chemistry
roperties [25,26]. In addition, CNTs can be believed to serve as
lectron acceptor to inhibit the recombination of photogenerated
harges [27–29]. However, CNTs based photocatalysts by loading
g/AgX onto CNTs has not yet been attempted to the water disin-

ection.
In the present paper, from kinetic and mechanistic viewpoints,

he photocatalysts Ag/AgX-CNTs were employed to investigate
hotocatalytic inactivation performance using ubiquitous water-
orne microorganism E. coli as a model bacterium under VL

rradiation for the first time. The plasmon-induced photocatalytic
nactivation mechanism of the bacteria by the prepared Ag/AgX-
NTs under VL irradiation was also proposed based on the scanning
lectron microscopic (SEM) analysis on the damage to the bacte-
ial cell in conjugation with other experimental evidences, such as
he role of reaction species (RSs), K+ leakage and other information
or example Fluorescence microscopic images and FT-IR spectra.

oreover, the stability of Ag/AgX-CNTs to inactivate bacteria cells
n water was evaluated under VL irradiation, and the deactivation

echanism of photocatalysts was also discussed in detail.

. Experimental

.1. Preparation and characterization of photocatalysts

All of the reagents were analytical grade and used without fur-
her purification. The CNTs were pretreated by refluxing in the

ixture of concentrated H2SO4 acid (95–98%) and HNO3 (65–68%),
nd the Ag/AgX-CNTs photocatalysts were prepared by an ultra-
onic assistant deposition-precipitation method according to our
revious study [30]. The crystal phase composition, surface chem-

stry properties as well as surface structure of the photocatalysts
efore and after used were characterized by X-ray diffraction
XRD, Rigaku Dmax 2200 V X-ray diffractometer), X-ray photo-
lectron spectroscopy (XPS, S-520/INCA 300 spectrometer using
00 W Mg-K� radiation, and the binding energies were referenced
o the C1s line at 284.8 eV from adventitious carbon) and the
ourier transform infrared spectroscopy (FTIR, Bruker EQUINOX55
pectrometer). Photoluminescence (PL) spectra of the samples
ere obtained using a combined fluorescence lifetime and steady
tate spectrometer (FLSP920, Edinburgh instruments lid) under
90 nm emissions at 293 K, and the slit widths at the excitation
nd the emission of the spectrofluorimeter were 5.0 and 2.7 nm,
espectively.
Fig. 1. Photocatalytic inactivation efficiency of E. coli by Ag/AgX-CNTs (X = Cl, Br,
I)  under visible light irradiation (a); potassium ion (K+) leakage from E. coli under
different conditions (b).

2.2. Photocatalytic disinfection performance

E. coli K-12 was chosen as a model bacterium to evaluate pho-
tocatalytic disinfection activity of the prepared photocatalysts. The
light source (Fig. S1) was a 300 W Xenon lamp (PLS-SXE-300, Bei-
jing Perfect Light Co. Ltd., Beijing) equipped with a UV cutoff
filter (� < 400 nm). The light intensity was kept about 60 mW cm−2.
The Xenon lamp with different cutoff filters (420, 450, 500, 435,
475, 520 and 550 nm,  Beijing Perfect Light Co. Ltd., Beijing) was
employed to study the effect of wavelength on photocatalytic inac-
tivation of bacteria. The schematic diagram of the experimental
setup was  shown in Fig. S2. The detail procedure of photocatalytic
inactivation was  shown in Supporting Information.

3. Results and discussion

3.1. Photocatalytic disinfection performance

Fig. 1a shows photocatalytic inactivation efficiencies of E. coli
by the Ag/AgX-CNTs photocatalysts with the same dosage under
VL irradiation (� ≥ 400 nm). As a comparison, light control was car-
ried out in the absence of any photocatalysts under VL irradiation,
and the bacterial population remained essentially unchanged after
60 min, suggesting that no photolysis occurred for E. coli. In the
dark controls (with photocatalyst and without light), the density
of bacterial remained constant within 60 min, indicating no toxic
effect caused to E. coli by the photocatalysts alone. When Ag/AgBr-
CNTs was irradiated by VL, it exhibited high bactericidal activity and
about 1.5 × 107 cfu mL−1 of E. coli could be completely inactivated
within 40 min, which is much faster than those of either Ag/AgCl-

CNTs or Ag/AgI-CNTs. The time required for complete inactivation
of 1.5 × 107 cfu mL−1 of E. coli was  extent to 50 and 60 min  by
Ag/AgCl-CNTs and Ag/AgI-CNTs, respectively. The order of photo-
catalytic disinfection activity is consentience with photocatalytic
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egradation of 2, 4, 6-tribromophenol reported in our previous
tudy [30]. In addition, a study reported that Ag+ at high concentra-
ion exhibited bactericidal activity [31]. In this study, however, the
g+ was not detected in the reaction solution, meaning that no Ag+

eakage occurred even after 60 min  of photocatalytic reaction for
ll three photocatalysts. These results suggest that the excellent
isinfection activity of Ag/AgX-CNTs should be due to photocat-
lytic performance of themselves instead of released Ag+. Similar
esult of AgBr-Ag-Bi2WO6 possessing a high photocatalytc disin-
ection activity to E. coli was also reported by Zhang et al. [24]. The
hotocatalytic inactivation efficiency of Ag-CNTs with different Ag
mount was discussed for the control comparison. As shown in Fig.
3, the density of bacterial remained unchanged after 60 min  with
.0015 and 0.0030 M Ag+, suggesting that no obvious photocatalytic

nactivation occurred in the lower concentration of Ag+ system.
n presence of 0.0150 M Ag+, about 2-log reductions of cell den-
ity were achieved. However, for Ag/AgX-CNTs with 0.0150 M Ag+

xhibit very excellent photocatalytic inactivation efficiency com-
ared with Ag-CNTs control, indicting synergistic effect of Ag and
gX in this photocatalytic inactivation system.

PL quenching effect is an efficient method to detect the recom-
ination of photogenerated holes and electrons of semiconductor,
nd was used to analyze the PL property of our synthesized photo-
atalysts. As shown in Fig. S4, the PL intensity of Ag/AgX-CNTs
ecreases rapidly compared with that of pure AgX, indicting an
ignificantly decreased the recombination of the photogenerated
harges in the photocatalysts because CNTs acted as an excellent
lectron collector and significantly enhanced the separation effi-
iency of photogenerated carriers [32]. Overall, introduced CNTs
an significantly improve the photogenerated carrier separation
fficiency, thus enhance photocatalytic inactivation efficiency.

Generally, photocatalytic inactivation of E. coli can be divided
nto three periods [33,34], the initial period is called the “shoul-
er”, where the reactive species (RSs) begin to attack the E. coli,
he second period is the main part of photocatalytic process where
ast inactivation of bacteria occurs, and the last period is called the
tail”, where photocatalytic process is being decelerated. This type
f inactivation kinetic process was calculated by the modified Hom
odel [33].

og
(

C

C0

)
= −k1[1 − exp (−k2t)]k3

here C and C0 are the E. coli concentration at time; t and t0, k1, k2
nd k3 are kinetic constants at three different period.

This model can be solved using Microsoft Excel tool called
InaFIT [35]. Using this tool, three parameters that represent three
teps can be obtained. The SL (shoulder length) is the incubation
ime of the first step, kmax is the slope of the second step and
he nres is the starting point of third deceleration step. Calculat-
ng these three parameters can be better to understand the kinetic
f inactivation E. coli. As shown in Table S1, achieving short incuba-
ion period and fast inactivation, without the deceleration period
s essential for an efficient photocatalysis process. Notably, the
g/AgBr-CNTs possesses the lowest inhibition time (SL) and the

astest inactivation rate (highest kmax in the second step) among
hese three photocatalysts.

To further confirm the VLD photocatalytic disinfection effect
f resultant Ag/AgX-CNTs nanocomposites, the BacLightTM kit
uorescent microscopic method was employed [24,36,37], the
iable bacterial cells only accumulate SYTO 9, which appears as
reen fluorescence, while the dead ones with damaged cytoplas-
ic  membranes can accumulate both SYTO 9 and PI, and lead
o red fluorescence [24]. The fluorescence assays of untreated
nd photocatalytically treated E. coli were investigated (Fig. 2).
n the Ag/AgBr-CNTs-VL system, after being photocatalytically
reated for 10 min, some bacterial cells exhibited red fluorescence,
mental 158–159 (2014) 301–307 303

indicating their cell membrane was damaged during VLD photo-
catalytic process. With the prolongation of disinfection reaction,
no living bacterial cells were observed after 40 min, and no bacte-
ria revived after 60 min. As expected, photocatalytic bactericidal
activities of both Ag/AgCl-CNTs-VL and Ag/AgI-CNTs-VL were much
lower, and small partial of the cells were still green within 40 min
and almost no living bacteria observed until 60 min  treatment (Figs.
S5 and S6). Basis on these results, we conclude that Ag/AgX-CNTs
nanocomposites possesses excellent VLD photocatalytic disinfec-
tion performance.

To better understand the destruction progress of bacteria, the
surface structure and morphology of E. coli cells at different pho-
tocatalytic disinfection stages were also observed using FESEM. As
shown in Fig. 3, the untreated E. coli exhibited evenly rendered
interior of a well-preserved cell wall, while part of central cell wall
was obviously damaged when the sample was subjected to 30 min
irradiation, indicating initial damage to cell membrane and lead-
ing to leakage of interior component such as K+. These damages
occurred mainly can be attributed to the oxidation properties of
photocatalytically generated RSs, such as H2O2, h+ and e− [37].
With further extension of treatment time, much severer damage
on the cell structure was  observed, the cell wall became greatly
ruptured and the intracellular component was severely lost after
120 min. Similar results were also obtained in the Ag/AgCl-CNTs-VL
and Ag/AgI-CNTs-VL systems (Figs. S7 and S8). These observations
suggest that the destruction process of E. coli is beginning from cell
envelop.

From above results of live/dead fluorescent and FESEM, it can
be confirmed that the cell membrane was severely damaged and
intracellular component will be leaked out from the damaged cells
during photocatalytic process due to the lack of protection of cell
membrane. As known, K+, an important component existing virtu-
ally in bacteria and involving in the regulation of protein synthesis
and polysome content, could quickly leak out of bacterial cells
during photocatalytic treatment process [24]. The leakage of K+ is
consequently investigated (Fig. 1b). There is almost no significant
leakage of K+ occurred in the dark and light control experiments.
In addition, the dark control experiments further confirm our pro-
posal that the inactivation of E. coli resulted from the generated
h+, e− and other RSs during photocatalysis instead of Ag+. In con-
trast, in the Ag/AgX-CNTs-VL systems, the amount of K+ leakage
increased in parallel with prolonged inactivation time, and reached
a stable value after 40 min. Thus, we  can confirm that the cell struc-
ture was  severely distorted and cell wall was  greatly ruptured,
subsequently facilitating the entry of large amount of RSs to fur-
ther decompose the remaining intracellular components. Based on
the above evidences, further support the fact that RSs generated
in Ag/AgX-CNTs-VL systems could disrupt cell structure, leading to
the leakage of intracellular substances and ultimate cell death [24].

To study the effect of wavelengths of VL for these photo-
catalysts, seven LED lamps with different VL wavelengths were
chose. Notably, the light intensity of different wavelengths was
kept 10 mW cm−2. As shown in Fig. S9, photocatalytic inactiva-
tion efficiencies of E. coli were the highest under the irradiation
of 435 nm than other wavelengths within the visible-region for
all prepared catalysts. Completed inactivation of 7-log bacterial
cells was  achieved within 60 min  irradiation under 435 nm by
Ag/AgBr-CNTs. Comparatively, 5- and 4-log bacteria were inactiv-
ated by Ag/AgCl-CNTs and Ag/AgI-CNTs, respectively. The 420 nm
is the second valid wavelengths next to 435 nm.  For instance, 5-
, 2- and 2-log reduction of cell density could be achieved within
60 min  at 420 nm irradiation when Ag/AgBr-CNTs, Ag/AgCl-CNTs

and Ag/AgI-CNTs were used as photocatalysts, respectively. It
worth mentioning that under VL with other wavelength irradiation,
such as 450, 475, 500, 520 and 550 nm,  the reduction of cell density
was extremely low, indicating that Ag/AgX-CNTs (X = Cl, Br, I) did
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Fig. 2. Fluorescence microscopic images of E. coli photocatalytically

ot respond to these wavelengths of VL, and subsequently could
ot inactivate bacteria. To find out the reason as to why  photocat-
lytic inactivation efficiencies under 420 and 435 nm irradiation are
uch higher than those under different wavelengths, the UV–vis

bsorption spectra of AgCl, AgBr and AgI were compared (Fig.
10). It can be seen that there is a steep absorption edge at about
45 nm and the absorption intensity of AgBr is stronger than that
f AgCl and AgI between the 400 to 445 nm.  Therefore, photocat-
lytic inactivation efficiency of Ag/AgBr-CNTs is higher than those
f Ag/AgCl-CNTs and Ag/AgI-CNTs. Also, there was no VL absorption
bove 450 nm,  thus, no reduction of cell density can be expected
hen the photocatalysts were irradiated by these VL. Although the

bsorption intensity of the AgX (X = Cl, Br, AgI) under 420 nm is
tronger than that of 435 nm,  much lower photocatalytic inacti-
ation efficiencies obtained under 420 nm irradiation than those
nder 435 nm.  The probably reason is that the prepared Ag/AgX-
NTs photocatalysts possessed the plasmon absorption band of Ag
anoparticles at about 435 nm during the photocatalytic inactiva-
ion process [38,39]. When the photocatalysts were irradiated by
L, Ag nanoparticles were formed in the surface of AgX due to their
hotosensitivity, and then Ag nanoparticles were also excited by VL
ecause of the localized SPR and generating instant electron–hole
airs on Ag nanoparticles surface, which is benefit to improve pho-
ocatalytic activity (Fig. S11).

.2. Photocatalytic bacterial inactivation mechanism
Photocatalysis is well known to produce various RSs, such as
2O2, •O2

−, •OH, h+ and e−, which were potentially involved in
hotocatalytic bacterial inactivation process. To determine which
ere the dominant RSs involved in the VLD bacterial inactivation
d with Ag/AgBr-CNTs under VL irradiation for 0, 10, 40 and 60 min.

by Ag/AgX-CNTs, different scavengers were used individually or
in combination to remove the respective RSs [40,41]. Taking the
Ag/AgBr-CNTs as an example, without addition of any scavenger,
about 1.5 × 107 cfu mL−1 of E. coli could be completely inactivated
within 40 min  under VL irradiation (Fig. 4). When sodium oxalate
(h+ scavenger) was added, the bacterial cell density only decreased
1-log. This means h+ contributed to 6-log reduction of bacterial cell
density indicating that h+ is the dominant species involved in pho-
tocatalytic inactivation in this system. In the presence of individual
scavenger, EDTA-Fe (II) for H2O2 and Cr (VI) for e−, the bacterial
cell density decreased about 5- and 4-log, respectively, H2O2 and
e− respectively contribution to 2- and 3-log inactivation suggesting
that they also play moderate role in this photocatalytic inactiva-
tion process. In addition, as reported, the addition of Cr (VI) could
remove not only e− but also part of H2O2 by combining O2 with
conduction band e− [42], and therefore the inactivation efficiency
in the presence of Cr (VI) was slightly lower than those adding
EDTA-Fe (II). Nevertheless, in the presence of isopropanol (•OH
scavenger), the inactivation efficiency did not change much as com-
pared with no scavenger system, indicating that •OH played very a
minor role in this process. To further validate the contribution of h+

in photocatalytic process, isopropanol + EDTA-Fe (II) + Cr (VI) were
employed in combination to remove the •OH, H2O2 and e− simul-
taneously, leaving h+ alone in the system. The presence of only h+

resulted in a 6-log cell density decrease, further confirming that
h+ is the most important RSs for this photocatalytic inactivation
process.
It is of significance for the application of SPR photocatalysts to
understand photocatalytic mechanisms of such Ag/AgBr-CNTs pho-
tocatalyst. To understand the band structure of AgBr phase, the
conduction band (CB) and valence band (VB) energies of AgBr are
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Fig. 3. FESEM images of E. coli untreated and photocatalyticall

alculated to be about −0.065 and +2.625 V (vs SHE), respectively
30]. Therefore, it is possible that the plasmon-induced electrons at
g nanoparticles of Ag/AgBr-CNTs with a strong reduction power
an readily transfer to CB (−0.065 V vs SHE) of AgBr [30]. The pho-
ocatalytic reaction is initiated by the absorption of VL photons,
eading to the generation of electron–hole pairs derived from both
hoto-excited AgBr and plasmon-excited Ag nanoparticles (Eqs. (1)

nd (2)). Then charge carriers emigrate to the surface of CNTs under
he action of electric field, meanwhile the photogenerated e− from
he plasmon-excited Ag nanoparticles would prefer to flow down
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erent scavengers (0.1 M Isopropanol, 0.1 M Sodium oxalate, 50 �M Cr (VI), 0.1 mM
DTA-Fe (II)).
ted with Ag/AgBr-CNTs under VL irradiation in different time.

to the surface of CNTs crossing the interface due to the dipolar
character of the SPR [22]. This promotes the effective separation
of photogeneration electron–holes pairs, which can subsequently
benefit to improve photocatalytic disinfection activity of the pho-
tocatalyst. Therefore, a relative high concentration electrons on the
surface of CNTs is formed, which can be trapped by O2 and H2O to
from H2O2 (Eqs. (3)–(5)) [37,43,44]. These RSs, such as h+, e− and
H2O2, could attack the E. coli, disrupt cell membrane and result in
ultimate cell death (Eq. (6)).

AgBr + h� → e− + h+ (1)

Ag + h� → Ag∗ (2)

O2 + e− → •O2− (3)

•O2− + H2O → •OOH + OH— (4)

2•OOH → O2 + H2O2 (5)

h+, e− + H2O2 + E. coli → Organic debris of bacterial cells (6)

Taken together, a plasmon-induced charge-transfer process is
presented to improve photocatalytic disinfection activity. As shown
in Scheme 1, under VL irradiation, electron–hole pairs are generated
on the surface of AgBr, meanwhile, in addition, the electron oscilla-
tion occur on the Ag nanocomposite surface owing to SPR, and these
e− transfer from the photoexcited Ag nanoparticles to CB of AgBr,
then two part of e− on CB of AgBr would prefer to flow down to the
CNTs crossing the interface. Hence, the lifetime of the charge car-

riers could be prolonged and the unfavorable recombination of the
electron–hole pairs can be successfully hindered. Moreover, the Ag
nanoparticles can act as electron traps to suppress electron–hole
pair recombination and promote the interfacial charge transfer.
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cheme 1. Schematic photocatalytic inactivation processes and charge transfer of
he  Ag/AgBr-CNTs photocatalyst under visible light irradiation.

herefore, more electrons and holes will have opportunity to par-
icipate in the disinfection reaction and the inactivation efficiency
as enhanced subsequently. The band gap of AgCl and AgI is 2.92

nd 2.86 eV, respectively, which is also similar to that of AgBr. So
he photocatalytic mechanism of Ag/AgCl-CNTs and Ag/AgI-CNTs
hould be similar to Ag/AgBr-CNTs.

.3. Deactivation mechanism of photocatalysts during bacterial
nactivation

The stability of the Ag/AgX-CNTs photocatalysts was also
nvestigated by repeating photocatalytic inactivation of E. coli
xperiments with recycled Ag/AgX-CNTs. The recycled Ag/AgX-
NTs photocatalysts were washed twice with distilled water
fter first photocatalytic treatment before another run. About

.5 × 107 cfu mL−1 of E. coli could be completely inactivated within
0 min  under the VL irradiation using Ag/AgBr-CNTs as photocat-
lyst (Fig. 5a). However, the bactericidal activity of Ag/AgBr-CNTs
educed greatly in subsequent usage. For instance, the bacterial cell
L irradiation (a); XRD (b), XPS (c) and FT-IR (d) spectra of Ag/AgBr-CNTs before and

density only decreased 4- and 2-log when the photocatalyst used in
the second and third run, respectively. As for the Ag/AgCl-CNTs and
Ag/AgI-CNTs (Fig. S12), their photocatalytic inactivation activities
also decreased dramatically in the recycling experiments. Based on
these results, it can be concluded that the prepared Ag/AgX-CNTs
photocatalysts exhibit significant loss of the inactivation activ-
ity after three cycles of repeated experiments. Comparatively, the
deactivation of these prepared photocatalysts was  much less when
they were subjected to organic pollutant degradation [30]. There-
fore, it is very necessary to investigate the deactivation mechanism
of the photocatalysts to extend theirs lifetime.

The deactivation mechanism of the photocatalysts was  stud-
ied by characterization of surface properties of the photocatalysts
before and after used for photocatalytic bacterial inactivation.
According to XRD analysis (Fig. 5b), the Ag/AgBr-CNTs is mainly
composed of AgBr (JPCDS file, 06-0438) as well as a spot of metal-
lic Ag (JCPDS file, 65-8428), and the intensity of these peaks is no
obviously changed before and after used. Similar results are also
obtained for Ag/AgCl-CNTs (Fig. S13), besides the characteristic
diffraction peak of Ag (JCPDS file, 65-8428) facets at 37.8◦, AgCl
phase (JCPDs file, 31-1238) (27.8◦, 32.3◦ and 46.3◦) is also observed
from XRD patterns of Ag/AgCl-CNTs before and after used twice.
As for Ag/AgI-CNTs (Fig. S13), the peaks in XRD patterns are also
characterized as AgI (JCPDS file, 09-0388). In addition, the surface
properties of the photocatalysts before and after used were also
characterized by XPS (Figs. 5c, S14 and S15). There was  no change
of Ag/AgX-CNTs before and after used, which is agreed with the
result of XRD analysis. Based on above results, it can be confirmed
that the main phase structure and surface properties of the photo-
catalysts do not show obviously difference for the photocatalysts
before and after photocatalytic inactivation. This result is slightly

different from the result of our previous study in organics degrada-
tion, which showed that the diffraction intensity of AgBr decreased
slightly with the increase of the reusing times of photocatalyst. In
contrast, the diffraction intensity of Ag(0) increases slightly [30].
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heoretically, if there was no obvious change of the surface prop-
rties of the photocatalysts before and after used for E. coli
nactivation, it should not lead to so sharp decrease of pho-
ocatalytic disinfection activity during the multi-run recycling
xperiments. Therefore, more in-depth study on the surface
lemental composition of the photocatalysts before and after treat-
ent of E. coli was conducted by FT-IR analysis (Figs. 5d and S16).

here are some different absorption peaks on the surface of photo-
atalysts before and after use. On the Ag/AgX-CNTs (X = Cl, Br, I)
urface after treating E. coli, two peaks at ∼3295 and 3060 cm−1

ere assigned to amide A and amide B, respectively [45]. While
he peaks at 2927 and 2853 cm−1 were assigned to va (CH2) and
s (CH2), respectively. A wide peak at about 3430 cm−1 due to the
H− vibration of the absorbed water. The peak of 1096 cm−1 also
ell matched the assignment for the vibration of the sugar rings of

he lipopolysaccharide [20,45]. The bands at around 1395 cm−1 was
ssigned to the –COO− group of the fatty acid, as well as the band
ear the 1577 cm−1 due to the glutamate carboxylate stretching,
he band around the 1087 cm−1 attribute to oligosaccharide [45].
rom above all data analyzed, it can be implied that E. coli cells
ere not only killed but also destructed to large biomolecules in
hotocatalytic system. These results are well agreed with our pre-
ious characterizations, like FESEM and K+ leakage. Thus, it can be
onclude that, during photocatalytic inactivation of bacteria, the
ell structure was severely distorted and greatly ruptured, and the
rganic debris of the decomposed bacterial cells might be adsorbed
nto the surface of photocatalysts, which might block the active
ites of photocatalysts leading to the decrease photocatalytic activ-
ty. Therefore, the deactivation mechanism of Ag/AgX-CNTs might
ifferent during photocatalytic inactivation of bacteria and degra-
ation of organics as presented in our previous study [30]. Previous
esults showed that the slight reduce of photocatalytic perfor-
ance during the photocatalyst recycling reactions might be the

oss of small part of Ag+ on the photocatalyst surface during light
rradiation, since Ag+ could be reduced to metallic Ag(0) by photo-
enerated e−. Unlike large biomolecule, small organic molecule like
ribromophenol could not block the active sites of photocatalysts.
urthermore, most of the tribromophenol degradation intermedi-
tes of are hydrophilic and readily dissolve in the reaction solution
ather than adsorption on the photocatalyst surface.

. Conclusion

In summary, we highlight an available pathway to photo-
atalytic disinfection under VL irradiation by using a series
f systhesized Ag/AgX-CNTs (X = Cl, Br, I) composites. A excel-
ent photocatalytic disinfection performance of Ag/AgX-CNTs was
chieved due to the localized SPR of Ag nanoparticles and the
fficient photogeneraed carrier separation owing to the CNTs
ntroduced. In addition, the results of stability and deactiva-
ion mechanism of Ag/AgX-CNTs showed that the organic debris
f decomposed bacteria may  be blocked the active sites of
he photocatalysts leading to the decrease of the photocat-
lytic activity. The application of the Ag/AgX-CNTs photocatalytic
isinfection will facilitate development of reliable disinfection
echnology.
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