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ABSTRACT:

The photocatalytic disinfection capability of the natural semiconducting mineral sphalerite is studied here for the first time. Natural
sphalerite can completely inactivate 1.5 � 107 cfu/mL E. coli K-12 within 6 h under visible light irradiation. The photocatalytic
disinfection mechanism of natural sphalerite is investigated using multiple scavengers. The critical role that electrons play in
bactericidal actions is experimentally demonstrated. The involvement of H2O2 in photocatalytic disinfection is also confirmed using
a partition system combined with different scavengers. Moreover, the photocatalytic destruction of bacterial cells is observed
through transmission electron microscopic analysis. A catalase activity study reveals that antioxidative enzyme activity is high in the
initial stage of photocatalytic disinfection but decreases with time due to damage to enzymatic functioning. Natural sphalerite is
abundant and easy to obtain and possesses excellent visible-light photocatalytic activity. These superior properties make it a
promising solar-driven photocatalyst for large-scale cost-effective wastewater treatment.

1. INTRODUCTION

Photocatalysis is a photoinduced advanced redox process
based on the generation of powerful reactive species, such as
the hydroxyl radical (•OH), hydrogen peroxide (H2O2), the
superoxide radical (•O2

�), electrons (e�), and holes (hþ).1 The
successful inactivation of E. coli by photocatalytic disinfection
was first reported in 1985.2 Since then, photocatalysis has been
extensively studied and has proved to be a cost-effective, safe, and
promising alternative for wastewater disinfection.

At present, TiO2, which is a widely available commercial
photocatalyst, is commonly used to degrade organic pollutants
and disinfect bacteria.3,4 However, with a bandgap of 3.2 eV,
TiO2 can only be excited by UV, and thus much effort has been

devoted to synthesizing new visible-light-driven (VLD) photo-
catalysts. Although synthetic photocatalysts show promising
disinfection performance under visible light (VL), the massive
production of such synthetic photocatalysts at low cost has been
a major limitation to its large-scale application. In this study, we
introduce the natural photocatalyst sphalerite, which possesses
VL photocatalytic activity and can be readily supplied in large
quantities at low cost. It is envisaged that developing a natural
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photocatalyst-based disinfection technique will be an economic-
ally viable solution for large-scale practical wastewater treatment.

Natural sphalerite collected from the Huangshaping deposit
was successfully applied to reduce heavy metal ions and reduc-
tively degrade azo dyes under VL.5�8 Reports show that 91.95%
of Cr6þ and 98.74% of Methyl Orange can be photocatalytically
reduced or decolorized within 9 and 2 h VL of irradiation,
respectively. The effect of the conduction band e� on the
reduction of heavy metal ions and the degradation of azo dyes
were also reported in these studies.6,8 More recently, it has been
found that several active species, such as hþ, •O2

�, H2O2, and
•OH generated from the TiO2�UV system, can kill or inactivate
bacteria. However, to date, no study has investigated the photo-
catalytic disinfection of bacteria by natural sphalerite under VL
irradiation or reported whether e� can deactivate bacteria.

To study the bactericidal effect of natural sphalerite, a set of
parallel experiments was designed to investigate (1) whether
photocatalytic reaction occurs on the surface of photocatalysts,
and (2) which reactive specie is the bactericidal agent in VLD
photocatalytic disinfection. The suggested mechanism and re-
active species involved in the photocatalytic disinfection of E. coli
K-12 by natural sphalerite under VL irradiation are also
discussed.

2. EXPERIMENTAL SECTION

2.1. Materials. The natural sphalerite used in this work was
collected from the Huangshaping (HSP) deposit in Hunan
Province, China.7 The natural sphalerite sample was mechani-
cally crushed and milled at the mine. The resultant sphalerite
particles were passed through a 340-mesh sieve pore to obtain
sphalerite powder with particle sizes <40 μm. The crystal
structure of natural sphalerite was cubic, with a calculated lattice
constant of a = 0.54264 nm. The bandgap energy of natural
sphalerite was 2.95 eV.7

2.2. Photocatalytic Disinfection of E. coli K-12 in a Non-
partition System. Escherichia coliK-12 (E. coliK-12) was chosen
as the model bacterium because it was safe to use and easy to
grow. A fluorescent tube (15W, VELOX, Thailand) was selected
as the VL source in the indoor premises used in this study. The
bacterial cells were cultured in nutrient broth (BioLife, Milano,
Italy) solution at 37 �C for 16 h with shaking and then washed
with sterilized saline. The cell concentration was adjusted to a
final cell density of 1.5 � 107 cfu (colony forming unit)/mL in
the reaction mixture.
Five mL of saline-washed E. coli K-12 was suspended in 45 mL

sterilized saline (0.9% NaCl) solution containing the natural
sphalerite. The reaction temperature was kept at 25 �C and the
reaction mixture was stirred with a magnetic stirrer throughout
the experiment. The reactor (Figure S1 of the Supporting
Information) held six fluorescent tubes. The VL and UV
intensities inside the reactor flask were measured by a light meter
(LI-COR, Lincoln, Nebraska, USA) and an UVX digital radio-
meter (UVP, Upland, California, USA), respectively. A liquid
filter (5 mol/L sodium nitrite) was placed between the fluor-
escent tubes and the sample flask to block all UV emission to
determine whether natural sphalerite was a real VLD photo-
catalyst. The optimal concentration of the photocatalyst was
1.00 g/L (Figure S2 of the Supporting Information). At differ-
ent time intervals, aliquots of the sample were collected and
serially diluted with sterilized saline solution. Then, 0.1 mL of
the diluted sample was immediately spread on nutrient agar plate

(Lancashire, UK) and incubated at 37 �C for 24 h to determine
the number of viable cells (in cfu/mL). As a comparison, a dark
control (natural sphalerite alone without light irradiation), a light
control (light irradiation alone without the photocatalyst), and a
negative control (without the natural sphalerite photocatalyst or
light irradiation) were also conducted. Each set of experiments
was performed in triplicate.
2.3. Partition System. To study whether direct contact

between natural sphalerite and E. coli K-12 is important for
disinfection, a partition system9�11 was used to separate E. coli
K-12 from the surface of natural sphalerite. The setup of the
partition system for this experiment was shown in Figure S3 of
the Supporting Information. Ten mL of E. coli K-12 suspension
(1.5� 107 cfu/mL) was pipetted into a semipermeable contain-
er, and 50mL of the natural sphalerite suspension (1.00 g/L) was
maintained outside of the membrane and stirred continuously to
keep the natural sphalerite evenly distributed in the solution. At
different intervals, aliquots of the cells inside the membrane were
sampled and immediately diluted. The number of viable cells in
the samples was determined by the same procedure as that
described in Section 2.2.
2.4. Effect of Scavengers. The scavenger experiments were

carried out by adding individual scavenger to nonpartition
system and outside of the membrane container in partition
system. KI was used to remove hþ and •OH bound to the surface
(•OHs),12 isopropanol to remove •OHdiffusing into the solution
bulk,12,13 4-hydroxy-2,2,6,6-tetramethylpiperidinyloxy (TEMPOL)
to remove •O2

�,14 Cr(VI) to remove e�,12 and Fe(II) to remove
H2O2.

11

WhenKIwas added into the suspension, the concentration of I2
produced in the photocatalytic disinfection systemwas detected by
iodine-starch assay. At different time intervals, aliquots of the
sample were collected, filtered through aMillipore filter (pore size
of 0.45 μm), titrated with a starch solution, and measured the
absorption at 540 nm by a UV�vis spectrophotometer.
2.5. Transmission Electron Microscopy. The mixture com-

prising the natural sphalerite and E. coli K-12 before and after the
photocatalytic reaction was collected and centrifuged. The
bacterial cells were prefixed by glutaraldehyde and trapped in
low melting point agarose. After being postfixed by osmium
tetraoxide (E.M. grade, Electron Microscopy Sciences, Fort
Washington, PA, USA), the cell pellet was dehydrated by adding
a graded series of ethanol concentrations and was finally em-
bedded in Spurr solution (Electron Microscopy Sciences, Fort
Washington, PA, USA) for polymerization. Using an ultramicro-
tome (Leica, Reichert Ultracuts, Wien, Austria), ultrathin sec-
tions of 70 nm were made and stained with uranyl acetate and
lead citrate on copper grids. Finally, the stained ultrathin sections
were examined by a JEM-1200 EXII transmission electron
microscope (JEOL Ltd., Tokyo, Japan).
2.6. Measurement of Bacterial Catalase Activity and H2O2.

Catalase (CAT) activity was determined using a Catalase Assay
Kit (Cayman Chemical Company, Ann Arbor, MI, USA) follow-
ing the protocol in the instruction manual.15 Hydrogen peroxide
was analyzed photometrically by using the DPD/peroxidase
method.16

3. RESULTS AND DISCUSSION

3.1. Photocatalytic Disinfection Performance. Figure 1
shows the photocatalytic disinfection of E. coli K-12 by natural
sphalerite under VL irradiation. The bacterial population
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remained essentially unchanged after 6 h in all of the control
experiments (Figure 1) suggesting that natural sphalerite has no
toxic effect on bacterial cells and VL irradiation causes no
photolysis in E. coli K-12. When the natural sphalerite was
irradiated by VL, the bacterial population decreased with time
until complete inactivation of E. coli K-12 was observed after 6 h
of treatment (Figure 1).
Because the fluorescent tubes emit not only VL (λg 400 nm,

the intensity = 3.3 mW/cm2) but also trace amounts of UV (λe
380 nm, UVA intensity = 0.03 mW/cm2, UVB intensity = 0.015
mW/cm2, and UVC intensity = 0.006 mW/cm2), to confirm that
natural sphalerite is a true VLD photocatalyst and the disinfec-
tion of E. coli K-12 is not due to UV photocatalysis, a sodium
nitrite filter is placed between the light source and the flask to
block all UV emission to ensure that the observed natural
sphalerite disinfection performance is only due to VL photo-
catalysis. When the liquid filter was used, the intensity of VL
decreased to 2.7 mW/cm2 and no measurable UV intensity was
detected. Under such conditions, total inactivation was achieved
with 8 h of VL irradiation (Figure 1), which confirms that the
observed bactericidal effect of natural sphalerite is not due to UV
photocatalysis, and that natural sphalerite is a true VLD
photocatalyst.
S-doping TiO2

17 and Ag-coating TiO2
18 are common syn-

thetic VLD photocatalysts. Although these synthetic photocata-
lysts show high photocatalytic efficiency (1 h) under VL, only
small amounts can be synthesized and these semiconductor
modifications involve complicated techniques and are thus
costly. In contrast, natural sphalerite occurs in large quantities
in some zinc mines and is easily obtained making it much less
costly than synthetic photocatalysts. More importantly, the most
common VL sources for synthetic photocatalysts are Xenon
lamp and halogen lamp, which have a high light intensity.
However, these light sources cannot be widely used in waste-
water treatment because of their high cost and high energy
consumption. In this study, the fluorescent tubes are selected as
the VL source because of their low cost and wide use in
household lighting. Cheap and abundant natural photocatalysts
coupled with 24 h opened fluorescent tubes are more promising

than artificial photocatalysts for the photocatalytic disinfection of
bacterial cells.
3.2. Photocatalytic DisinfectionMechanism.Photocatalysis

is known to produce several reactive species (•OH, H2O2,
•O2

�,
hþ, and e�) that are potentially involved in the disinfection of
bacterial cells. To determine which reactive species were involved
in the photocatalytic disinfection process, different scavengers
were used to remove the reactive species (Figure 2). The control
experiments showed that the addition of these scavengers did not
result in any toxic effect to E. coli K-12 within 6 h (Figure S4 of
the Supporting Information). Without the addition of a scaven-
ger, the complete disinfection of E. coliK-12 was achieved in a 6 h
treatment. When Fe(II) (H2O2 scavenger) was added, the cell
density was reduced to 1� 105 cfu/mL without H2O2 (Figure 2)
indicating that H2O2 is strongly involved in photocatalytic
disinfection. In the presence of Cr(VI) (e� scavenger), the cell
density only decreased to 5 � 105 cfu/mL (Figure 2), which
suggests that e� also play an important role in the disinfection
process. In addition, the inhibitory effect of Cr(VI) did not only
remove e� but also prevented parts of H2O2 formation by
reduction of O2 by conduction band e�, so the inactivation
efficiency of E. coli K-12 in the presence of Cr(VI) was slightly
lower than adding Fe(II). In the presence of isopropanol
(diffusing •OH scavenger), or TEMPOL (•O2

� scavenger), the
level of the bactericidal effect did not change much compared
with no scavenger (Figure 2) indicating that diffusing •OH and
•O2

� are not strongly involved in photocatalytic disinfection in
this system. The result of adding KI (hþ and •OHs scavenger)
was also similar to that of no scavenger (Figure 2), which suggests
that hþ and •OHs are not involved in the disinfection. However,
there is a worry that the possibly forming iodine species (I2) from
KI oxidation also caused disinfection. Our experimental results
showed that the level of I2 produced in the photocatalytic system
was so low that below the detection limit of the iodine-starch
assay (10 μg/L)19 and even 10 μg/L of I2 was nontoxic to
E. coli.20 Therefore, we can exclude the contribution of I2 to the
bacterial inactivation when using KI as the scavenger.
To further clarify whether e� play an important role in

photocatalytic disinfection, quadruple scavengers � KI, isopro-
panol, Fe(II), and TEMPOL � were employed to remove the
hþ, •OHs, diffusing

•OH in the bulk, H2O2, and
•O2

� simulta-
neously (Figure 2), so that only e� were left in the disinfection

Figure 1. Photocatalytic disinfection of E. coli K-12 by the natural
sphalerite under VL irradiation (without and with liquid filter). Experi-
mental conditions: Fluorescent tubes without filter (visible light inten-
sity = 3.3 mW/cm2, UVA intensity = 0.03 mW/cm2, UVB intensity =
0.015mW/cm2 andUVC intensity = 0.006mW/cm2); fluorescent tubes
with liquid filter (visible light intensity = 2.7 mW/cm2, no UVA, UVB,
and UVC).

Figure 2. Disinfection efficiency of E. coli K-12 by the natural sphalerite
with different scavengers (5 mmol/L KI, 0.5 mmol/L isopropanol, 0.05
mmol/L Cr(VI), 0.1 mmol/L Fe(II)-EDTA, 2 mmol/L TEMPOL)
under VL irradiation.

http://pubs.acs.org/action/showImage?doi=10.1021/es200778p&iName=master.img-001.jpg&w=179&h=156
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system. Interestingly, the presence of e� resulted in a 5-log
decrease in cell density after 6 h of treatment (Figure 2), which
indicates that e� are powerful reactive species for disinfecting
E. coli K-12. This is probably due to the positioning of the
conduction band of natural sphalerite at a much more negative
potential (�1.4 V vs SCE),21 which give e� the energy to
inactivate bacteria. In addition, KI in the quadruple scavengers
can remove hþ and prevent parts of e�/hþ recombination, so
that more e� were available for disinfection than that of only
adding Fe(II). Thus, the inactivation efficiency of E. coli K-12 in
the presence of Fe(II) was lower than that with quadruple
scavengers.
To further confirm the role of e�, the photocatalytic disinfec-

tion of E. coli K-12 was conducted under anaerobic conditions
(the reactor was sealed after 30 min of purging with Ar gas to
eliminate O2) in the presence of h

þ scavenger (KI) (Figure 2). In
this system, no oxidative radicals were found either on the
conduction band or on the valence band, and only e� were
involved in the disinfection. The result showed that the disin-
fection efficiency was higher under anaerobic than under aerobic
condition, which further confirms the involvement of e� in
photocatalytic disinfection by natural sphalerite under VL
irradiation.
To further determine the role of H2O2 in disinfection, we

conducted a photocatalytic disinfection of E. coli K-12 using a

partition system.9�11 As shown in Figure S3 of the Supporting
Information, the E. coli K-12 suspension was injected into a
semipermeable membrane container and the natural sphalerite
suspension was dispersed outside of the container. The molec-
ular weight cutoff (MWCO) of the semipermeable membrane
was 12 000�14 000 Da, which only allowed smaller molecules
such as diffusing •OH and H2O2 to freely enter. The larger
targets, such as natural sphalerite (which ranges in size from
several nm to 10 μm) and E. coli K-12 (which has a molecular
weight of about 2.6 � 106 daltons) cannot pass through the
membrane. Part A of Figure 3 showed the disinfection efficiency
of E. coli K-12 inside the membrane container when the outside
system was placed under different conditions. For the light and
negative controls, the bacterial population showed no change
after 6 h treatment, which indicates no toxic effect of light or the
membrane on the cells. In the presence of natural sphalerite
without light irradiation (dark control), only a 1.7-log reduction
of E. coli K-12 was observed (part A of Figure 3), which was
probably due to adsorption between the membrane and the cells
of E. coli K-12. Interestingly, the complete inactivation of E. coli
K-12 was observed after 6 h of treatment when the outer system
was the natural sphalerite suspension irradiated by VL (part A of
Figure 3). As mentioned previously, the natural sphalerite and
E. coli K-12 were separated by a semipermeable membrane. This
means the reactive species on the natural sphalerite surface,
such as e�, hþ, •O2

�, and •OHs, should not have been involved in
the disinfection in the partition system, and only diffusing
reactive species, such as diffusing •OH and H2O2, could pass
through the membrane to inactivate E. coli K-12 inside the
membrane container.
To find out which diffusing reactive species (•OH, H2O2 or

both) are involved in the disinfection process in the partition
system, different scavengers were added into the outside of the
membrane container to remove the respective reactive species.
As shown in Figure S5 of the Supporting Information, the dark
control showed an approximately 1.5-log reduction in disinfec-
tion, which was similar to the results for the dark control with no
scavenger in the partition system (part A of Figure 3) and
indicates that none of the scavengers are toxic to the cells. The
addition of KI (hþ and •OHs scavenger) (part B of Figure 3) did
not change the level of bactericidal performance from that, when
no scavenger was involved, which demonstrates that reactive
species bound to the surface of the photocatalyst are not involved
in the partition system or in the slurry system.When isopropanol
(scavenger for diffusing •OH) was added, no obvious decrease in
photocatalytic disinfection efficiency was observed compared
with no scavenger (part B of Figure 3), which suggests that
diffusing •OH is also not involved in the bactericidal effect in this
partition system. In the presence of TEMPOL (•O2

� scavenger),
there was about a 4-log reduction in cell density after 6 h of
irradiation. This decrease in disinfection efficiency was probably
not due to the disinfection effect of •O2

� but to the inhibition
effect of H2O2 produced because of the removal of •O2

� by the
scavengers.
The addition of Fe(II), which was the scavenger for H2O2,

suppressed the bactericidal effect (part B of Figure 3). This result
is similar to that in the nonpartition system (Figure 2), which
indicates that H2O2 plays an important role in both the partition
system and nonpartition system in the photocatalytic disinfec-
tion of E. coli K-12.
In the partition system (part B of Figure 3), there was about a

5-log reduction in cell density in the presence of Cr(VI)

Figure 3. Photocatalytic disinfection of E. coliK-12 (1.5� 107 cfu/mL)
in the partition system. The bacterial cells are inside a semipermeable
packaged container and outside of the membrane is the natural
sphalerite suspension (1.00 g/L) under VL irradiation. (A) without
scavenger, and (B) with different scavengers.

http://pubs.acs.org/action/showImage?doi=10.1021/es200778p&iName=master.img-003.jpg&w=186&h=321
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(e� scavenger) after 6 h of irradiation, which suggests that e� are
not strongly involved in the disinfection in this system. In the
nonpartition system (Figure 2), there was a slight decrease in cell
density after the removal of e� by adding Cr(VI) due to the
important disinfecting role of e�. In the partition system, the cell
density was greatly reduced after adding Cr(VI) because of the
lack of disinfection effect of e�. We also added quadruple
scavengers (KI, isopropanol, Fe(II), and TEMPOL) simulta-
neously to study the role of e� in the partition system. The results
showed that cell density decreased by 2-log (part B of Figure 3)
and was similar to that of the dark control (Figure S5 of the
Supporting Information), which indicates that e� are probably
not involved in disinfection in the partition system. In this
system, the separation effected by the semipermeable membrane
means that E. coli K-12 cannot come into direct contact with the
surface of the natural sphalerite, so the e� on the surface cannot
display the bactericidal effect, and onlyH2O2 diffuses through the
membrane to inactivate the E. coli K-12 inside the membrane
container. In the nonpartition system, because E. coli K-12 both
contacts the surface and also reacts with the natural sphalerite
solution, both e� and H2O2 are likely to be strongly involved in
photocatalytic disinfection. The similar inactivation efficiency of
E. coli K-12 in the nonpartition and partition systems may be due
to the coworks of conduction band e� and H2O2, the latter of
which was possibly produced by the reaction of conduction band
e� with dissolved O2. In the nonpartition system, both conduc-
tion band e� and the formed H2O2 could react with bacterial
cells, although the conduction band e� was previously demon-
strated by us to play a leading role in bacterial disinfection. By
comparison, in the partition system, because there is not a direct
contact between the conduction band e� and the bacterial cells,
most e� are available for the production of H2O2 before they
contacted the bacteria. So the bacterial disinfection was mainly

contributed by the generated H2O2. Thus, the bactericidal effects
in the nonpartition and partition systems can be similar because
all of the bactericidal reactants were originated from the con-
duction band e�.
3.3. Transmission Electron Microscopy. To further confirm

the destruction process of E. coli K-12 by e� or H2O2 produced
by natural sphalerite irradiated by VL, the cell morphology of
E. coli K-12 was studied by TEM. Figure 4 shows the e�

disinfection effect after the addition of quadruple-scavengers
(KI, isopropanol, Fe(II), and TEMPOL) at different stages of
photocatalytic disinfection. In the initial stage of disinfection,
E. coli K-12 exhibited an intact cell structure and an obvious cell
wall (part A of Figure 4). After 6 h irradiation treatment (part B of
Figure 4), an electron translucent region appeared at the center
of the cell indicating that the outer membrane of the cell was
damaged and thus a leakage of the interior components occurred.
After 12 h treatment (part C of Figure 4), the cell had lost most of
its interior components and the cell wall was partially destroyed,
which suggested that the attack by e� of the bacteria started from
the outer membrane and then progressed to the cell wall.
Eventually, as the irradiation time was extended to 30 h (part
D of Figure 4), the cell became increasingly translucent and the
cell wall was largely destroyed, indicating the complete destruc-
tion of E. coli K-12. Surprisingly, the e� effect was similar to the
effect of H2O2 in the partition system (Figure S6 of the
Supporting Information). Thus, one can speculate that e� may
react with a substrate/compound (X) to produce oxidative
radical (•X). This substrate/compound (X) can be in the solution
outside of the bacterial cell or inside of the bacterial cell. At
present, we only know that e� produced by natural sphalerite
play an important role in disinfection, but the details of the
mechanism of inactivation by e� remain unknown. However,
further investigation is needed to explain why e� induced
bacterial cell damage is similar to damage induced by reactive
oxidative species (ROSs).
3.4. Bacterial Catalase Activity. To further confirm the role

of H2O2, we also studied the effect of catalase (CAT) (Figure 5),
a well-known antioxidant enzyme that defends against oxidative
stress from the environment, on VLD photocatalytic disinfec-
tion. CAT catalyzes the decomposition of H2O2 to water and
oxygen. As CAT is an enzyme that protects bacteria fromH2O2, a

Figure 4. TEM images of E. coliK-12 photocatalytically treated with the
natural sphalerite under VL irradiation adding quadruple scavengers
(KI, isopropanol, Fe(II) and TEMPOL). (A) 0 h, (B) 6 h, (C) 12 h, and
(D) 30 h.

Figure 5. Induction of CAT activity under photocatalytic disinfection
of E. coli K-12 by the natural sphalerite under VL irradiation.

http://pubs.acs.org/action/showImage?doi=10.1021/es200778p&iName=master.img-004.jpg&w=240&h=248
http://pubs.acs.org/action/showImage?doi=10.1021/es200778p&iName=master.img-005.png&w=230&h=178
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higher CAT activity implies that bacteria are encountering a
more significant H2O2 attack and can better defend against H2O2

attack from photocatalytic disinfection. As shown in Figure 5, in
the initial 2 h, CAT activity increased rapidly with time, which
indicates there is a large amount of H2O2 attacking the bacteria at
the beginning of the photocatalytic disinfection, with the bacter-
ial defense system displaying a higher CAT activity to protect the
bacteria. This observation matches with the results of Figure 1
that showed that the disinfection efficiency increased very slowly
in the initial 2 h because antioxidative enzyme protected the
E. coli K-12. After 2 h, CAT activity gradually decreased as
the disinfection process progressed (Figure 5). This result
can be explained by the rapid increase in disinfection efficiency
after 2 h (Figure 1). Because the amount of H2O2 produced by
the natural sphalerite exceeded the protection ability of the
defense system, E. coli K-12 was severely damaged, and the
CAT activity decreased again. This evidence further indirectly
indicates that H2O2 plays an important role in photocatalytic
disinfection.
3.5. Analysis of H2O2. The H2O2 produced by the natural

sphalerite was further determined by a photometric method
using peroxidase (POD).16 Figure 6 shows the absorbance (at
551 nm) of H2O2 against irradiation time in the nonpartition and
partition systems and clearly demonstrates that H2O2 was
accumulated in both systems. Although the concentration of
H2O2 in both systems was only on the level of several
micrometers;16 however, in photocatalytic disinfection, H2O2

is continuously produced and consumed dynamically, which
means the total amount of H2O2 produced in the system is
much more than actually measured value. Thus, we can confirm
that the contribution of H2O2 to disinfection is present in both
systems.
Several previous studies have focused on the bactericidal

effects of ROSs. Some have suggested that •OH is the primary
attacking agent in the photocatalytic bactericidal effect due to its
powerful oxidative ability.11,22,23 Other studies have suggested
that the main bactericidal agent in photocatalytic disinfection is
not •OH but H2O2, because

•OH has a very short lifetime,24,25

whereas H2O2 can diffuse through the cell membrane and
produce a long-range bactericidal effect.26,27 In the natural

sphalerite�VL system, we posit that •OH may not be the
bactericidal agent due to its short lifetime and that instead
H2O2, because of its long lifetime and ability to diffuse into the
bacteria, is the main agent in the disinfection process.
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1. A photo of the photoreactor and light source. 41 
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Figure S1. A photo of the photocatalytic disinfection unit under fluorescent tubes 43 

irradiation  44 
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2. Optimize the concentration of the natural sphalerite for the photocatalytic 46 
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-1 0 1 2 3 4 5 6 7

0

1

2

3

4

5

6

7

8

 
 

C
e
ll

 d
en

si
ty

 (( ((
lo

g
1
0
cf

u
/m

L
)) ))

Irradiation time (h)

 0.13 g/L

 0.25 g/L

 0.50 g/L

 0.75 g/L

 1.00 g/L

 1.25 g/L

Light on

 48 

Figure S2. Disinfection efficiency of E. coli K-12 (1.5×10
7
 cfu/mL) at the different 49 

concentration of the natural sphalerite under VL irradiation.  50 
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3. Illustration of partition system setup. 51 

 52 

 53 

 54 

Figure S3. Schematic illustration of partition system setup used in the photocatalyitc 55 

disinfection of E. coli K-12 with the natural sphalerite under VL irradiation. 56 
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Figure S4. Disinfection efficiency of E. coli K-12 by the natural sphalerite under VL 60 

irradiation with different scavengers in dark control (50 mg natural sphalerite without 61 

visible light irradiation) and light control (visible light irradiation without the natural 62 

sphalerite) (5 mmol/L KI, 0.5 mmol/L Isopropanol, 0.05 mmol/L Cr(VI), 0.1 mmol/L 63 

Fe(II)-EDTA, 2 mmol/L TEMPOL).  64 
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5. Dark control and Light control in presence of different scavengers in 65 

partition system. 66 
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Figure S5. Photocatalytic disinfection of E. coli K-12 (1.5×10
7 

cfu/mL) in the 68 

partition system. The bacterial cells are inside a semi-permeable packaged container 69 

and outside of the membrane is the natural sphalerite suspension (1.00 g/L) under VL 70 

irradiation with different scavengers in dark control (50 mg natural sphalerite without 71 

visible light irradiation) and light control (visible light irradiation without the natural 72 

sphalerite) (5 mmol/L KI, 0.5 mmol/L Isopropanol, 0.05 mmol/L Cr(VI), 0.1 mmol/L 73 

Fe(II)-EDTA, 2 mmol/L TEMPOL). 74 
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6. TEM images of E. coli K-12 photocatalytically treated with the natural 75 

sphalerite under VL irradiation in partition system. 76 

 77 

 78 

 79 

Figure S6. TEM images of E. coli K-12 photocatalytically treated with the natural 80 

sphalerite under VL irradiation in the partition system (A) 0 h, (B) 6 h, (C) 12 h, and 81 

(D) 30 h. 82 




