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The photocatalytic disinfection of Escherichia coli K-12 is investigated by the natural sphalerite (NS) under
different spectra, wavelengths and intensities of visible light (VL) emitted by light-emitting-diode lamp
(LED). The spectrum effect of VL on disinfection efficiency is studied by using white LED, fluorescent tube
(FT) and xenon lamp (XE), which indicates that the ‘‘discreted peak spectrum’’ of FT is more effective to
inactivate bacteria than ‘‘continuous spectrum’’ of LED and XE. Besides, the photocatalytic disinfection of
bacteria is compared under different single spectrum (blue, green, yellow and red color) LEDs. The results
show that the most effective wavelength ranges of VL for photocatalytic disinfection with the NS are
440–490 and 570–620 nm. Furthermore, a positive relationship is obtained between the disinfection
efficiency and the VL intensity. The experiment shows that NS can completely inactivate 107 cfu mL�1

E. coli K-12 within 8 h irradiation by white LED with the intensity of 200 mW cm�2 at pH 8. Moreover,
the destruction process of the cell wall and the cell membrane are directly observed by TEM. Finally,
no bacterial colony can be detected within a 96 h regrowth test of inactivated bacteria, which reveals that
the VL-photocatalytic disinfection leads to an irreversible damage to the bacterial cells.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Photocatalysis is defined as a photo-induced advanced oxida-
tion processes, which is a process generating powerful oxidizing
species such as �OH and H2O2 to decompose pollutants and mi-
crobes in aquatic environment (Saito et al., 1992; Hoffmann
et al., 1995; Maness et al., 1999; Kim et al., 2003). Photocatalytic
disinfection was firstly reported by Matsunaga et al. (1985) to suc-
cessfully inactivate Escherichia coli. Since then, photocatalysis was
extensively studied and proved to be a cost-effective, safe and
promising alternative for water purification and wastewater treat-
ment in the last three decades.

The basic mechanism of photocatalysis is well-established and
can be summarized by the example of TiO2 photocatalyst irradi-
ated by UV (Ollis, 1985; Rincón and Pulgarin, 2003; Cho et al.,
2004). The photon excitation of the photocatalyst is the initial step
for the activation of the whole photocatalytic system, and the en-
ergy of the photons has to be sufficient to excite the photocatalyst.
Some semiconductors such as TiO2, SnO2 and ZnS with large band-
gap between valance and conduction bands can be activated by UV
(wavelength shorter than 400 nm) (Sökmen et al., 2001; Yin et al.,
ll rights reserved.
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2001; Ma et al., 2005), while other photocatalysts such as Fe2O3

and CdS with small bandgap can be activated by visible light (VL)
with the wavelength greater than 400 nm (Kawahara et al., 2006;
Li et al., 2009a). Besides the pure semiconductors, many studies
have been devoted to synthesize visible-light-driven (VLD) photo-
catalysts for disinfection (Zhang et al., 2003; Yu et al., 2005; Zhang
et al., 2010). The selection of the light source is very crucial for effi-
cient VLD photocatalysis (Leung et al., 2008). However, there are
only limited studies focusing on the effect of different parameters
of light sources on photocatalytic disinfection (Fujishima et al.,
2000; Rincón and Pulgarin, 2004a, 2005; Benabbou et al., 2007;
Chen et al., 2009). For UV irradiation, the inactivation efficiency
is strongly dependent on the spectral distribution of the light
source of photons. In terms of the emitting wavelength, the elec-
tromagnetic spectrum of UV irradiation can be classified as UVA,
UVB and UVC (Rincón and Pulgarin, 2005). If a lamp emitting with-
in the UVC range, the disinfection effect is very fast, even in the
absence of the photocatalyst. The results of Benabbou et al.
(2007) showed that at equivalent intensity, the UVC/TiO2 system
was more effective to inactivate E. coli than the UVA/TiO2 and
UVB/TiO2 systems. Of course, the light intensity is another param-
eter that affects the efficiency of photocatalytic disinfection. The
disinfection results of 5 W m�2 at 2 h irradiation might not be
equal to the results obtained under 10 W m�2 for 1 h irradiation
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Table 1
The maximum VL intensity of each light source.

Light source Maximum VL intensity (mW cm�2)

White LED lamp (16 lamps) 223
Blue LED lamp (16 lamps) 193
Green LED lamp (16 lamps) 87
Yellow LED lamp (16 lamps) 97
Red LED lamp (16 lamps) 467
Fluorescent tube (6 tubes) 3
Xenon lamp (1 lamp) 209
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(Chen et al., 2009). The results of Benabbou et al. (2007) also
showed the disinfection efficiency improved with the increasing
of light intensity.

Although UV sources emit higher energy irradiation that leads
to more effective bacterial disinfection, they are hazardous and
only accounted for less 4% of the sunlight. Thus, VL sources have
greater potential applications in the water purification and waste-
water treatment. Unfortunately, to the best of our knowledge,
there is no study to determine the effect of different parameters,
such as spectrum, wavelength and intensity of VL, on the photocat-
alytic bacterial disinfection. Therefore, in order to obtain a cost-
effective VLD photocatalytic bacterial disinfection, the effects of
these three VL parameters on VLD photocatalytic bacterial disin-
fection are studied.

In this study, we describe the photocatalytic disinfection ability
of E. coli K-12 by the natural sphalerite (NS) under light-emitting-
diode lamp (LED) irradiation. The NS has successfully reduced hea-
vy metal ions and reductively degraded azo dyes under VL (Li et al.,
2006, 2008, 2009b). Most importantly, the NS exists in a great
quantity on the earth surface, so it is cheaper and easier to be ob-
tained. We believe that VLD photocatalysis by the NS shall become
an excellent application in the water purification and wastewater
treatment. The main objective of this study is to investigate the ef-
fects of the following parameters: (a) spectra of different VL
sources, (b) wavelength of VL, and (c) intensity of VL, on the pho-
tocatalytic disinfection of E. coli K-12 in NS–VL system.
2. Materials and methods

2.1. Photocatalyst

The NS used in this work was collected from the Huangshaping
deposit of Hunan Province. The NS sample was mechanically
crushed, milled and passed through a 340-mesh sieve pore to ob-
tain sphalerite powder with particle sizes <40 lm. The detail phys-
icochemical properties of the NS could be obtained from our
previous report (Li et al., 2009b).

2.2. Bacterial culture preparation

E. coli K-12 was used as a testing organism for photocatalytic
disinfection because it was safe to use and easy to grow. The bac-
terial cells were cultured in nutrient broth (NB, BioLife, Milano,
Italy) at 37 �C and agitated at 200 rpm for 16 h. The cultures were
then washed twice with 0.9% NaCl (saline) solution by centrifuga-
tion at 24,000 g for 5 min, and the cell pellet was re-suspended in
saline solution. Finally, the cell concentration was adjusted to final
cell density of 107 cfu mL�1 in the reaction mixture.

2.3. VL sources

In this study, LED was used as the VL source. Compared to tra-
ditional VL sources, such as fluorescent tube (FT) and xenon lamp
(XE), the advantages of LED are that it has long life expectancy
and relatively low energy consumption. Even more importantly,
LED can emit strong single colored light in a very small range of
wavelength. These single colored LEDs can be used to study the ef-
fect of VL wavelength on the photocatalytic disinfection. With the
diode technology further developed, LED is likely to replace other
lamps as the VL source.

The LED (2.5 W, OPTILED, United States) with white, blue, green,
yellow and red colors were used in this study. The photocatalytic
disinfection reactor of LED (see Supplementary Material (SM),
Fig. SM-1) could hold maximum 16 LEDs. To investigate the spec-
trum effect of VL, the other two VL sources were chosen, namely,
FT (15 W, VELOX, Thailand) and XE (300 W, PLS-SXE-300, Beijing
Perfect Light, Beijing). The photocatalytic disinfection reactor of
FT (Fig. SM-2) could hold 6 FTs and a liquid filter (5 M sodium ni-
trite), placed between FTs and sample flask, was used to block all
the UV emission. XE reactor is shown in Fig. SM-3 and light was
passed through a UV cutoff filter (k P 400 nm), and then was fo-
cused onto the sample flask. Table 1 lists the maximum VL inten-
sities of each light source, which was measured by a light meter
(Li-COR, Lincoln, Nebraska, USA).

2.4. Photocatalytic disinfection performance

50 mg of the NS was suspended in 45 mL sterilized saline solu-
tion. Then the solution was homogenized by sonication at 35 kHz
for 1 min with a sonicator (Branson Ultrasonics B.V., Soest, NL,
USA). After that, 5 mL of saline-washed bacterial cell was added
into 45 mL sterilized saline solution containing 1.0 g L�1 photocat-
alyst. The photocatalytic disinfection was initiated by turning on
light. At different time intervals, aliquots of the sample were ex-
tracted and serially diluted with saline solution. 0.1 mL of the di-
luted sample was then immediately spread onto nutrient agar
(Lancashire, UK) plates and incubated at 37 �C for 24 h to deter-
mine the number of viable cells (in cfu mL�1). In parallel with
the photocatalytic disinfection, three control experiments: a light
control (light alone without photocatalyst), a dark control (photo-
catalyst alone without light) and a blank control (without light or
photocatalyst), were carried out to prove the occurrence of photo-
catalytic disinfection required the coexistence of light irradiation
and photocatalyst.

To study the morphological change of the bacterial cells, TEM
images of E. coli K-12 before and after the photocatalytic disinfec-
tion were observed. All the bacterial samples were prepared
according to the standard procedures (Zhang et al., 2010).

To investigate the ability of E. coli K-12 to undergo self-repairing
after complete photocatalytic inactivation by NS–VL system, the
bacterial regrowth ability test was performed (Leung et al.,
2008). Each set of experiments above was performed in triplicate.

3. Results and discussion

3.1. Effect of spectra of VL sources

There are three different VL sources used in the study. White
LED, which emits VL without UV domain, has achieved market
dominance in applications due to its low energy use recently. In
addition, FT and XE also emit VL only with the filters to block UV
emission. The effect of the different VL sources was studied at pH
8 under the same VL intensity (3 mW cm�2), which was adjusted
by changing the number of lamp and the distance from the light
source to the sample flask. As shown in Fig. 1a, the inactivation
of E. coli K-12 was much more efficient under FT than white LED
and XE. Total inactivation of 7 log bacterial cells was achieved after
8 h irradiation by FT. There was an induction period (observed in
the first 4 h of treatment), where the reactive species began to
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Fig. 2. Diffuse reflectance UV–Vis absorption spectra of the NS.
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attack the bacterial cells but no serious damage leading to the inac-
tivation of bacterial cell. This result suggests that the bacterial de-
fense system is sufficient to protect bacterial cell, but becomes
insufficient when more reactive species are produced after 4 h
treatment. However, under the same light intensity irradiation,
the white LED and XE were less effective than the FT. Within
10 h treatment, both LED and XE could only lead to a 3-log reduc-
tion of cell density. It is interesting to note that the disinfection
process caused by LED and XE was very similar; there was no obvi-
ous induction period observed during the photocatalytic disinfec-
tion process using LED and XE.

To find out the reason of why disinfection efficiency of FT is
much higher than the others, we compared the spectra of three
VL sources. From Fig. SM-4, we found that the most difference of
the spectra of three VL sources was the number of peaks. For white
LED and XE, the whole spectrum was continuous (continuous spec-
trum). The spectrum of FT was totally different from ‘‘continuous
spectrum’’, which consisted of several major discreted peaks (dis-
creted peak spectrum). The result of Fig. 1a shows that the ‘‘dis-
creted peak spectrum’’ of FT led to a stronger bactericidal effect
than the ‘‘continuous spectrum’’ of white LED or XE in the photo-
catalytic disinfection mediated by the NS. It is hypothesized that
the ‘‘discreted peak spectrum’’ supplies more photons to induce
photoelectron–hole pairs so that better photocatalytic disinfection
is achieved under illuminant with ‘‘discreted peak spectrum’’.
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Fig. 1. Disinfection efficiency of E. coli K-12 (107 cfu mL�1) by the NS at (a) different
spectra of VL irradiation under VL intensity of 3 mW cm�2, and (b) different
wavelengths of VL irradiation under VL intensity of 87 mW cm�2.
3.2. Effect of wavelength of VL

The results in Section 3.1 indicate that the spectrum of VL is
important for effective photocatalytic disinfection by NS, thus the
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Fig. 3. Disinfection efficiency of E. coli K-12 (107 cfu mL�1) by the NS at (a) different
intensities of VL irradiation, and (b) different pH under VL intensity of
200 mW cm�2.
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effect of VL wavelengths on bacterial disinfection was also investi-
gated under VL intensity of 87 mW cm�2 at pH 8 using different
colored LEDs (blue, green, yellow, red and white LED). The photo-
catalytic disinfection efficiencies of NS under blue and yellow LED
were higher than that under green LED, and much higher than that
under red LED (Fig. 1b). The inactivation process of blue LED was
similar to yellow LED, and both of them could totally disinfect
107 cfu mL�1 E. coli K-12 within 8 h treatment. Green LED could
result in the reduction of a 5-log cell density after 10 h treatment.
However, within 10 h red LED irradiation, there was no cell density
decreasing, which means the red range of VL has no effect on
the photocatalytic disinfection. From Table SM-1, the red colored
LED has the longest wavelengths range of approximately
610–650 nm, yellow LED 570–620 nm, green LED 470–570 nm,
and blue LED 440–490 nm. Based on the results of Fig. 1b, the most
effective range of VL was the wavelength of 440–490 and
570–620 nm for the NS. The longest wavelength of VL from
610–650 nm was not effective for the photocatalytic disinfection
by the NS.

Fig. 2 shows the diffuse reflectance UV–Vis absorption spectra
of the NS (Li et al., 2009b). We could observe a steep absorption
edge at about 420 nm and the adsorption of the NS gradually de-
creased with the wavelength prolonging to 620 nm. Because the
photon energy of blue LED is higher than those of other colored-
LEDs and the wavelength of blue LED overlaps with the steep
absorption edge of the NS, the blue LED is more effective to disin-
fect E. coli K-12 than other colored-LEDs. At the same intensity of
light, the photon number of yellow LED is more than green LED,
which probably leads to the good disinfection efficiency of yellow
LED. In addition, there is no adsorption of the NS in the red range of
VL, which suggests that the wavelength of 610–650 nm has no ef-
fect on the photocatalytic disinfection. This observation is well
matched with the result of Fig. 1b that the red wavelength range
is not contributed to the disinfection efficiency. At equivalent
intensity, the disinfection efficiency under white LED was lower
Fig. 4. TEM images of E. coli K-12 photocatalytically treated with th
than that under blue and yellow LED (Fig. 1b), which is probably
because of the invalid red wavelength in white LED occupying
parts of the intensity of lamp. Thus, selecting an appropriate wave-
length range of VL can improve the disinfection efficiency and save
energy.

The spectra of white LED and FT both cover with a wavelength
of 400–620 nm, which belongs to the absorption region of the NS.
And the ‘‘continuous spectrum’’ of white LED occupies almost all
blue and yellow range. But the ‘‘discrete peak spectrum’’ of FT
occupies a part of green range (550 nm). Combing the results of
wavelength effect and the absorption spectra of the NS, the disin-
fection efficiency under white LED irradiation shall be higher than
that under FT irradiation. But the results of spectra effect are oppo-
site, which further confirms the ‘‘discrete peak spectrum’’ supplies
power energy to excite the photocatalyst to inactivate bacterial
cells.

3.3. Effect of intensity of VL

Experiments to investigate the light intensity effect on photo-
catalytic disinfection efficiency of the NS are performed using
white LED as light source. Fig. 3a shows that the disinfection effi-
ciency increased with the increasing of VL intensity from 3 to
223 mW cm�2. At the lower light intensity (3 and 15 mW cm�2)
and in the presence of photocatalyst, there was only a little de-
crease in cell density, which suggests the low photon is inducing
the limited photocatalytic reaction. Along with the increasing of
VL intensity (87 and 200 mW cm�2), the disinfection efficiency also
increased and there existed an induction period at the first 2 h,
indicating that the bacterial defense system is in response to pro-
tect bacterial cell. Further increasing the VL intensity to
223 mW cm�2, the induction period was disappeared, which
suggests that the self-defense system of bacterial cell does not
function at high flux of photons, and the completely inactivation
7 log of bacterial cells was achieved within 6 h irradiation.
e NS under VL irradiation. (a) 0 h, (b) 8 h, (c) 15 h, and (d) 30 h.
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However, in the light control with the intensity of 223 mW cm�2

(Fig. 3a), the bacterial population remained constant after treat-
ment, which suggests that the photolysis of VL is not effective to
inactivate E. coli K-12 even at high intensity. Thus, the intensity
of VL is also one of the most important parameters in the photocat-
alytic disinfection.

3.4. Effect of pH on photocatalytic disinfection

Fig. 3b shows pH effect on the photocatalytic disinfection of
E. coli K-12 by the NS under VL irradiation (white LED) with the
intensity of 200 mW cm�2. The pH value was adjusted at the begin-
ning of the photocatalytic reaction by addition of NaOH or HCl
(0.5 mM) to the mixture of the NS and bacteria, and the pH value
did not change within the reaction time. In dark and light controls,
at studied range of pH 5–8 (Fig. SM-5), the cell density did not
change after 10 h, which suggests that no disinfection effect or
photolysis to E. coli K-12 by the NS or VL irradiation at different
pH. Total inactivation of 107 cfu mL�1 E. coli K-12 was achieved
after 8 h treatment at pH 8 (Fig. 3b). At more acidic or neutral
pH, the cell density decreased only 2.5 log within 10 h irradiation.
The results showed the inactivation of bacteria was more sensitive
at alkaline pH than at acidic and neutral pH, which is probably due
to more oxidative species produced at more alkaline pH so that it
exhibits higher disinfection efficiency at alkaline pH.

3.5. Transmission electron microscopy

Furthermore, the destruction process of the morphology of
E. coli K-12 for different VL irradiation times with the intensity of
200 mW cm�2 at pH 8 was observed by TEM analysis. Fig. 4a shows
the appearance of E. coli K-12 before photocatalytic reaction. Char-
acteristics of the E. coli K-12 were the well-defined cell wall as well
as evenly rendered interior of the cell. The morphology of E. coli K-
12 irradiated for 8 h greatly changed (Fig. 4b). Part of the cell wall
was decomposed, and an electron translucent region appeared at
interior of the cell, indicating that the outer cell membrane was
damaged leading to the leakage of the interior component. The fur-
ther destruction was also observed at 15 and 30 h irradiation
(Figs. 4c and 4d). We found that with a prolonged irradiation, the
cell became more and more translucent and the cell wall was
greatly ruptured, which indicates that the cell membrane and the
cell wall of the bacteria were destroyed by the reactive species.

3.6. Regrowth ability test

As we mentioned, E. coli K-12 was completely inactivated after
8 h photocatalytic disinfection by NS under white LED with the
intensity of 200 mW cm�2 at pH 8 (Fig. 3b). After that, the reaction
mixture was sampled and undergone a 96 h recovery period for bac-
teria regrowth. The results (data not shown) indicated that no
detectable bacterial colony was observed after 96 h incubation per-
iod. It means that 8 h photocatalytic disinfection for E. coli K-12 with
the NS is an effective disinfection time (Rincón and Pulgarin, 2004b),
which is defined as the time required for complete bacterial inacti-
vation without regrowth in a subsequent dark period for 96 h. This
result also suggests that photocatalytic disinfection by the NS under
VL led to irreversible damage to E. coli K-12, or brought the damaged
bacteria to a state called ‘‘viable but non-culturable’’ state, which
meant the bacteria could no longer grow on conventional media un-
less favorable condition was provided (Dunlop et al., 2002). This re-
sult illustrates that the photocatalytic disinfection system using the
NS under white LED irradiation with the intensity of 200 mW cm�2

will not result in the bacterial recontamination, thus it can be
concluded that photocatalysis is a safe and effective disinfection
method in the real wastewater treatment.
4. Conclusions

VL-photocatalytic disinfection seems to have a potential appli-
cation in water purification and wastewater treatment. No bacte-
rial growth was observed after disinfection, and the destruction
of the bacterial cells was observed by TEM. However, some param-
eters of VL should be taken into consideration. Firstly, the spec-
trum of VL was an important parameter for photocatalytic
disinfection. The ‘‘discreted peak spectrum’’ of FT was much more
effective than the ‘‘continuous spectrum’’ of white LED and XE to
inactivate bacteria. Secondly, bacterial inactivation efficiency de-
pended on the wavelength of VL. At equivalent intensity, blue
and yellow LED showed higher disinfection efficiency than green
and red LED. Finally, photocatalytic disinfection efficiency was re-
lated to the VL intensity. The higher bacterial inactivation was ob-
tained at higher VL intensity.
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Table SM-1. The parameters of four colored LED. 
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Fig. SM-1. A photo of the photocatalytic disinfection under LED irradiation  
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Fig. SM-2. A photo of the photocatalytic disinfection under FT irradiation  
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Fig. SM-3. A photo of the photocatalytic disinfection under XE irradiation  
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Fig. SM-4. The spectra of (A) white LED, (B) XE and (C) FT. The spectra of white 

LED and XE was from OPTILED Lighting International and the Beijing Perfect Light, 

respectively. FT spectrum was measured by spectroradiometer (International Light 

Technologies, USA). 
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Fig. SM-5. Photocatalytic disinfection of E. coli K-12 by the NS under white LED 

irradiation at different pH in dark control (50 mg NS without light irradiation) and 

light control (light irradiation without the NS).  
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