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To improve the antimicrobial properties of ZnO, ZnO-supported 13X zeolite (X-ZnO) was
prepared via the facile chemical method. Antimicrobial activities of X-ZnO and ZnO were tested
against Gram-negative (Escherichia coli) and Gram-positive (Staphylococcus aureus) bacteria.
X-ZnO showed noticeable antimicrobial activities against E. coli and S. aureus under visible light
conditions, especially against E. coli. The minimum inhibitory concentration (MIC) of X-ZnO
against E. coli was 0.12-0.24 mg/mL. However, there were still much bacteria alive in the
nano-ZnO suspensions at the same concentration. To elucidate the antimicrobial activities of
X-ZnO, the average concentration of the total reactive oxygen species (ROS) and Zn*>* ions
released from X-ZnO and nano-ZnO were quantitatively analyzed. The obtained results indicated
that the average concentration of ROS produced by supported ZnO was much higher than that of
nano-ZnO. And the released Zn>* jons from X-ZnO and nano-ZnO suspensions were much lower
than the MIC of Zn*". Thus, it is believed that the production of ROS in X-ZnO and nano-ZnO

suspensions resulted in the difference of antibacterial activities.

I. INTRODUCTION

Antimicrobial agents can be broadly classified into two
types, organic compounds and inorganic materials.
Organic antimicrobial agents have broad source, and
quick and efficient antimicrobial properties, but their
applications are limited due to their sensitivity to high
temperature and pressures.’ Inorganic antimicrobial
agents attract much attention due to their safe, nontoxic,
and stable properties.”” Inorganic antimicrobial agents
mainly include metal particles and metal-oxide particles,
such as copper, silver, TiO,, ZnO, and so on.*?

Many reports revealed that ZnO showed antimicrobial
activities against Gram-positive and Gram-negative
bacteria.> !> Moreover, it is found that the antimicrobial
activities of ZnO were strongly influenced by its size and
morphology.'""'*"® Ohira et al.'' observed that the
antimicrobial activities of ZnO can be improved with
diminution of particle size. This was explained due to an
increase in the surface area/volume ratio, which resulted
in increased generation of H,O,. Zhang et al.'* and
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Jones et al.'® also proved improved antimicrobial activ-
ities of ZnO against Escherichia coli and Staphylococcus
aureus with diminution of particle size.

To obtain small-particle-size and special-shape ZnO
particles, porous materials such as microporous and
mesoporous zeolites have been used as host materials
due to their high surface area, thermal stability, and
ecofriendly nature.’** Recently, Saleh et al. >
prepared zeolite/ZnO and zeolite/ZnO—CuO nanocompo-
sites (NCs) with a type of A-zeolite and found that zeolite/
ZnO and zeolite/ZnO-CuO NCs showed remarkable
antimicrobial activities. But the antimicrobial activities
and the corresponding mechanism of ZnO supported on
13X zeolite (X-ZnO) materials have been little reported.

So far, the exact mechanism for the antimicrobial
activities of ZnO particles is still debated. Some reports
suggested that the Zn** ions released from ZnO suspen-
sion were responsible for the antimicrobial activity, >3
whereas some did not.'”'®2%3° Tt is generally thought
that oxidative stress induced by reactive oxygen species
(ROS) generation in the ZnO system is the main
mechanism for antibacterial activities.>'*

To improve the antimicrobial activities of ZnO and
dispersion in polymer matrix, we prepared ZnO-supported
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zeolite with different methods in our previous studies.>> >’

We found that ZnO-supported zeolite—filled
polypropylene (PP) or polypropylene random copolymer
(PPR) composites have better antimicrobial activities than
the same content of nano-ZnO-filled PP or PPR compo-
sites. To compare the antimicrobial activities of ZnO and
ZnO-supported zeolite and to elucidate the mechanism, the
ZnO content, specific surface area, morphology, crystal,
element, and optical properties of ZnO supported on the
surface of zeolite were characterized with inductively
coupled plasma atomic emission spectroscopy, nitrogen
adsorption—desorption analyzer, scanning electron micros-
copy, X-ray diffractometer, and fluorescence spectroscopy.
The antimicrobial activities of the supported ZnO and
nano-ZnO particles were compared using the optical
density (OD) test and plate counting method. The concen-
tration of Zn>* ions and ROS (OH, 'O, , and H,0,)
generation in ZnO solution systems were characterized.

Il. EXPERIMENTAL SECTION
A. Materials

13X zeolite (X) with an average particle size of about
1 pm and pore diameter about 1.0 nm was supplied by
Wuxi Rongdeli Molecular Sieve Factory (Wuxi, China).
Zn (NOs3), (AR), NaOH (AR), concentrated nitric acid
(GR), NaCl (AR), HCI (AR), KI (AR), soluble starch
(AR), and H,0, (AR) were bought from Guangzhou
Chemical Factory, China. Beef extract (BR) was
obtained from Guangdong Huankai Bio-tech Limited
Company (Guangzhou, China). Peptone (BR) was
provided by Baisai Biological Limited Company
(Shanghai, China). Agar (BR) was supplied from Qiyun
Bio-tech Limited Company (Guangzhou, China). E. coli
(ATCCS8739) and S. aureus (ATCC6538) with the
concentration of 10'° CFU/mL and 10° CFU/mL, re-
spectively, were obtained from Guangzhou Institute of
Microbiology (Guangzhou, China). Nano-ZnO with an
average particle size of about 30 = 10 nm, terephthalic
acid (AR), 2-hydroxyl terephthalic acid, and nitrotetra-
zoliumblue chloride (AR) were supplied by Aladdin
Chemistry Co. Ltd. (Shanghai, China).

B. The preparation methods and procedures

20 g of 13X zeolite was pretreated in a muffle furnace
for 3 h, then transferred to a 200-mL three-neck flask
after the zeolite cooling to room temperature. After the
system was evacuated to 0.063 MPa with a vacuum pump
and the pressure was kept for 0.5 h to remove air from the
flask and hole of zeolite, 60 mL of 20 wt% aqueous
solution of zinc nitrate was added into the flask and the
mixture was stirred for 1 h. Then 0.5 mol/L of NaOH
aqueous solution was added into the system to adjust the
pH to 8.0 and stirred for 1 h. The mixture was filtered and

dried at room temperature. The filtered mixture was
calcified for 4 h at 300 °C. The prepared sample was
denoted as X-ZnO. The schematic is shown in FIG. 1.

C. Characterization techniques
1. Characterization of X-ZnO

The morphology of X, X-ZnO, and nano-ZnO particles
was observed with a scanning electron microscope (SEM;
SEM-4800, Hitachi, Japan). These samples were gold
coated and observed at an acceleration voltage of 20 kV.
The ZnO contents on ZnO-supported microporous zeolite
were characterized on SPECTRO CIROS VISION
(METEK Commercial and Trading Co., Ltd., Shanghai,
China) inductively coupled plasma atomic emission
spectroscopy. Nitrogen adsorption/desorption isotherms
were measured at —196 °C in Micromeritics ASAP 2020
automated gas adsorption system (P/P, = 0.20). The
specific surface area was calculated on a basis of the
Brunauer-Emmet-Teller (BET) method from the adsorp-
tion branch. The crystal type of nano-ZnO particles and
X-ZnO were conducted with a Rigaku Geigerflex Model
D/Max-IIIA rotating anode X-ray diffractometer. The
scanning range was 20-70° with a step scanning rate of
10°/min. The fluorescence spectra of X, X-ZnO, and nano-
ZnO particles were characterized by fluorescence spectros-
copy (RF-5301PC, Shimadu, Japan) at an excitation wave-
length of 320 nm and emission wavelength of 330-800 nm.
The slit width of excitation and emission is 10 nm.

2. OD growth curve measurement

After LB broth was treated through heat sterilization,
a certain amount of X, X-ZnO and nano-ZnO particles was
added into the LB broth. Then the bacteria were inoculated
to the LB broth. The LB broth containing of inoculated
bacteria and X, X-ZnO and nano-ZnO was irradiated by
a lamp with the power of 11 W, the irradiation wavelength
of 400-700 nm and the irradiation height of 10 cm. Cell
growth was monitored by measuring the OD at 595 nm on
a microplate reader (iMark, Bio-Rad Laboratories, Inc).

3. Determination of viable cell number by plating
method

The number of viable cells was determined using the
traditional surface plating method.'>'® Briefly, a 20-uL
control (Luria-Bertani [LB] broth and inoculated bacteria
without zeolite and ZnO) and cell samples (LB broth,
inoculated bacteria with zeolite or ZnO) were serially
diluted with 0.9% NaCl solution. The viable cell number
in each sample was determined by evenly spreading 20 pL.
of the dilution onto the LB-agar plate for aerobic incubation
at 37 °C. After 24 h, colonies on each plate were counted.
All experiments were duplicated three times, and the results
were expressed as mean * standard deviation.
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FIG. 1. The formation of X-ZnO.

4. Determination of Zn®" ions

The aqueous suspensions of X-ZnO and nano-ZnO with
the effective ZnO concentration of 0.48 mg/mL were
vibrated at 37 °C and 200 rpm for 24 h. The samples
were centrifuged at 4000 rpm for 10 min and then filtered
with 0.44-pm Millipore membranes. The concentration of
Zn*>* jons in the aqueous suspension was measured using
ICP-AES (SPECTRO CIROS VISION, Germany).

5. Determination of ‘'OH

According to reports,31’38’39 the 'OH was usually

qualitatively analyzed by electron spin resonance
(ESR). To quantitatively characterize the production of
‘OH in ZnO aqueous suspensions, chemical methods
were used to measure the production of ‘OH in this
article. The ‘OH can easily react with terephthalic acid to
yield fluorescent 2-hydroxy-terephalate, which is stable for
hours and can readily be assessed using standard fluorim-
eters. The concentration of ‘'OH can be determined from
fluorescent intensity at 425 nm in the fluorescence spectra at
312 nm excitation.'® The suspensions containing ZnO with
an effective concentration of 2 g/L. and terephthalate with
a concentration of 2 x 107 mol/L were treated with an
ultrasonator for 10 min in the dark. Then, the suspensions
were irradiated as the same as C. Characterization
Techniques. 2 with a magnetic stirrer to ensure the
homogenization of the suspensions. The suspensions were
centrifuged and filtered with 0.44-um Millipore mem-
brane. The fluorescence spectra of the filtrates containing
2-hydroxy-terephalate were detected with a fluorescence
spectrometer (Perkin Elmer-LS55, Guangzhou Perkin
Elmer Instrument Co., Ltd., Guangzhou, China).

6. Determination of ‘O,™

Because the nitrotetrazolium blue chloride (NBT) can
easily react with ‘O, to form insoluble purple formazan,
the NBT as a trap agent was used to quantitatively

determine the amount of ‘O, generated from the ZnO
aqueous suspensions.”>>? The mixture containing aqueous
suspensions of ZnO with a concentration of 2 g/LL and the
NBT with a concentration of 5 x 10™> mol/L were treated
as the same as C. Characterization Techniques. 5. The
content of ‘O, in the mixture was quantitatively analyzed
by detecting the decrease in the concentration of NBT in
the mixture with ultraviolet—visible (UV-vis) spectropho-
tometer (Perkin Elmer-Lambda750).

7. Determination of H>O»

H,0, generated from ZnO suspensions can be de-
termined by UV-vis spectrophotometry with KI and
starch.* The aqueous suspensions of ZnO with a concen-
tration of 2 g/LL were irradiated and treated as the same as
2.3.5. 5 mL of filtrate was added to a 10-mL flask, and
then 0.5 mL of NaCl solution (200 g/L), 0.2 mL of HCI
(10%), 0.3 mL of KI solution (10 g/L), and 0.2 mL
soluble starch solution (10 g/L) were successively drop-
ped into the flask, and finally the flask was brought up to
volume with water. The absorbance at 570 nm of the final
solution was detected by UV-vis spectrophotometer
(Perkin Elmer-Lambda750, Guangzhou Perkin Elmer
Instrument Co., Ltd., Guangzhou, China).

lll. RESULTS AND DISCUSSION
A. Characterization of X-ZnO

The SEM morphologies of zeolite (X), X-ZnO, and
nano-ZnO (as control) particles are depicted in Fig. 2. It
can be seen that the surface of X is smooth and the nano-
ZnO particles are spherical in shape; the ZnO particles
supported on the surface of zeolite is layer-like; and the
supported ZnO is coated on the surface of zeolite in the
form of a molecular layer. Obviously, the particle size of
the supported ZnO is much smaller than that of nano-
ZnO (as control). The XRD pattern of X, X-ZnO, and
nano-ZnO is shown in Fig. 3(a). The figure shows the
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FIG. 2. SEM morphologies of X (a), X-ZnO (b), and nano-ZnO (c) particles.
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FIG. 3. X-ray diffraction diagram (a) and fluorescence spectra (b) of X, X-ZnO, and nano-ZnO particles.

patterns of zeolite peaks before (X) or after supported
ZnO (X-ZnO) was similar, showing that the zeolite
structure is stable and did not change. Diffraction peaks
at 31.76, 34.42, 36.21, 47.53, 56.59, and 62.9° are
assigned to reflections from the (100), (002), (101),
(102), (110), and (103) lattice planes hexagonal wurtzite
zinc oxide crystals with reference pattern NO 01-079-
2205. It is confirmed that ZnO supported on the surface
of zeolite and supported ZnO are hexagonal wurtzite
structures.*! Meanwhile, the results obtained by ICP-AES
indicated that the ZnO content in X-ZnO was 24.36%.
The BET-specific area of X, X-ZnO, and nano-ZnO are
505.2, 172.6, and 7.8 m?/g, respectively. It is generally
considered that the fluorescence spectra of ZnO mainly
include near-band-edge emission band at about 380 nm
and broad deep-level emission band from 450 to 630 nm.*?
The deep-level emission of ZnO consists of a green
emission around 520 nm and a near-yellow emission around
640 nm.**** Although the origin of green emission is
controversial,* ™" it is generally assigned to the singly
ionized oxygen vacancies.***’ The fluorescence spectra of
ZnO supported on the surface of 13X zeolite and nano-ZnO
particles are shown in Fig. 3(b). It can be seen that the
fluorescence intensity of green emission of X-ZnO is higher
than that of nano-ZnO particles. It is indicated that the

J. Mater. Res., Vol. 32, No. 22, Nov 28, 2017

oxygen vacancies of ZnO supported on the surface of
zeolite is much more than that of nano-ZnO particles. The
investigation by Xu et al.'” suggested that the oxygen
vacancies on the surface of ZnO were proportional to the
production of H,O,. The high oxygen vacancies of ZnO
support on the surface of zeolite are expected to result in the
production of much more H,0,.

B. The antimicrobial activity of X-ZnO

Figure 4 shows the OD growth curves of E. coli in LB
broth after being treated with different contents of X,
X-ZnO, and nano-ZnO. Generally, the longer the delayed
growth time and the lower the OD value, the better the
antimicrobial activities. The effective ZnO contents in
X-ZnO of 0.125 mg/mL, 0.25 mg/mL, 0.5 mg/mL,
1.0 mg/mL, and 2.0 mg/mL suspensions were
0.03 mg/mL, 0.06 mg/mL, 0.12 mg/mL, 0.24 mg/mL,
and 0.48 mg/mL, respectively. It can be observed that the
OD values of all samples have no change before 8 h. For
being incubated above 8 h, the OD values were obviously
different. When the concentration of zeolite was in-
creased from 0.125 mg/mL to 2.0 mg/mL in the suspen-
sion, the OD value was deceased from 1.44 to 1.13.
It showed that there are no remarkable antimicrobial
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activities of zeolite. And when the concentration of nano-
ZnO particles was increased from 0.03 mg/mL to
0.48 mg/mL in the suspensions, the OD value was
decreased from 1.44 to 0.75, indicating that the nano-
ZnO particles have antibacterial activities. For X-ZnO,
when the effective ZnO reached 0.24 mg/mL, the OD
value was almost zero and the growth time was delayed
to 24 h. This result proved that the antimicrobial activities
of ZnO support on the surface of zeolite were much better
than those of nano-ZnO particles.

To further compare the antimicrobial activities
between the ZnO supported on the surface of zeolite
and nano-ZnO particles, the loss viability of E. coli and S.
aureus after being treated by X, X-ZnO, and nano-ZnO
particles was investigated, and the effect of the concen-
tration of X, X-Zn0O, and nano-ZnO particles on the loss of
viability of E. coli is shown in Fig. 5(a). From Fig. 5(a), it
is obvious that the number of viable cells were reduced
with increasing effective ZnO contents. When the dose of
X-ZnO was 1.0 mg/mL (effective ZnO was 0.24 mg/mL),
the viable cell of E. coli was reduced to zero. The result
showed that the minimum inhibitory concentration (MIC)
of X-ZnO against E. coli was 0.12-0.24 mg/mL. However,

for nano-ZnO patrticles, there were still much bacteria alive
at the concentration of 0.48 mg/mL. In summary, the
antimicrobial activities of X-ZnO were higher than those
of nano-ZnO particles. And this result was consistent with
the OD test.

For loss viability of S. aureus, the experimental results
treated by X, X-ZnO, and nano-ZnO particles with
effective ZnO concentration of 0.48 mg/mL are shown
in Fig. 5(b). It can observed that 13X zeolite almost has
no antimicrobial activities against S. aureus. The antimi-
crobial activities against S. aureus are as follows: X-ZnO
> nano-ZnO particles. But the antimicrobial activities of
X, X-ZnO, and nano-ZnO particles against E. coli were
much better than that of S. aureus. It is attributed to the
different structure between E. coli and S. aureus, and the
S. aureus has a stronger endurance toward antimicrobial
agent than E. coli."®"’

C. Mechanism of enhanced antimicrobial
activities of ZnO

Oxidative stress induced by ROS (OH, H,O,, and
‘O,7) generation in the ZnO system is thought to be the
main mechanism for their antimicrobial activities.>'~>*
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The generation of ROS on the surface of ZnO is as
follows®': when irradiated by light with photoenergy
higher than the band gap of ZnO, the electrons of ZnO
are promoted across the band gap to the conduction band
to create a hole in the valence band. The electron hole can
react with H,O molecules in the suspension of ZnO,
resulting in the formation of ‘OH and H". In addition, the
superoxide anion radicals (O, ) can be produced by
combination of electrons of ZnO and O, molecules
dissolved in the suspension and can in turn react with
H™ to generate hydrogen peroxide radicals (HO,). Sub-
sequently, the HO, collides with electrons to produce
hydrogen peroxide anion (HO, ). Thus the HO,™ can
react with H" to produce H,O, molecules. The produced
‘OH, H,0,, and 'O, all have strong oxidation for the
organic biomolecules. Therefore, ZnO has good antimi-
crobial activity.

To further understand the different antimicrobial
activity of the supported ZnO and nano-ZnO particles,
the produced 'OH, H,0,, and ‘O,  in the aqueous
suspensions of X-ZnO and nano-ZnO particles were
measured, and the average concentration of ROS gen-
eration in X-ZnO and nano-ZnO suspensions were
compared. It is generally suggested that the intensity
of the peak at 425 nm was related to the amount of ‘OH
in the ZnO suspensions. It can be seen from Fig. 6(a)
that zeolite (X) suspension had no emission peak at
425 nm, and this indicates that the zeolite suspension
did not produce ‘OH under visible light irradiation.
X-ZnO and nano-ZnO suspension both have emission
peaks at 425 nm, which proves that X-ZnO and nano-
ZnO suspension could generation ‘OH under visible
light conditions. Additionally, the amount of ‘OH pro-
duced increased when prolonging irradiation time
[Fig. 6(b)].

Because NBT, as the trap agent, can react with ‘O, to
form purple-blue precipitate, the generation of ‘O, can
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be quantitatively evaluated from the decrease of NBT
concentration in the suspensions of X-ZnO and nano-
ZnO particles. Generally speaking, the lower the ab-
sorption of NBT, the more that NBT reacted with ‘'O, ",
more was the production of ‘O, in the suspensions.
Figure 7(a) shows the UV-vis absorption spectra of NBT
in the suspensions irradiated under visible light con-
ditions for 2 h. It can be seen that the UV-vis absorption
spectra of NBT in the zeolite suspension had little
change, this indicates that zeolite suspension did not
produce ‘O, under visible light conditions. The UV-vis
absorption intensity of NBT at 259 nm in the suspen-
sions are as follows: nano-ZnO > X-ZnO, indicating
that the concentration of ‘O,  in the suspensions was
X-ZnO > nano-ZnO. The production of ‘O, in the
suspensions irradiated for different times also confirmed
that the concentration of ‘O,  in the suspensions was
X-ZnO > nano-ZnO, as shown in Fig. 7(b).

The production of H,O, in the suspension of zeolite,
X-ZnO, and nano-ZnO particles was also investigated.
H,0, can react with KI and starch to form a blue complex
with a maximum absorption peak at about 570 nm in the
UV-vis absorption. It can be observed from Fig. 8(a) that
zeolite suspension has no absorption peak in 570 nm, this
indicates that zeolite suspension did not produce H,O,.
And the absorption intensity at about 570 nm of X-ZnO
was higher than that for nano-ZnO. And the amount of
H,0, in the suspensions increased with increasing
irradiation time [Fig. 8(b)].

Table I summarizes the average concentration of three
types of ROS (OH, H,0,, and '02*) for zeolite, X-ZnO,
and nano-ZnO particles irradiated for 2 h. It can be seen
that zeolite did not produce measurable ROS. The
average concentration of total ROS in X-ZnO and
nano-ZnO suspensions was 65.24 and 28.87 pmol, re-
spectively. The total ROS produced by X-ZnO was
higher than that by nano-ZnO. Obviously, supported
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FIG. 6. Production of ‘'OH in the suspension of ZnO samples measured by fluorescence with terephthalate: (a) the fluorescent spectra in ZnO
samples irradiated for 2 h and (b) variation of the amount of ‘OH versus irradiation time under visible light conditions.
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FIG. 7. Production of ‘O, in the suspension of ZnO samples measured by UV-vis absorbance with NBT: (a) UV-vis spectra in ZnO samples
irradiated for 2 h and (b) variation of the amount of ‘O, versus irradiation time in ZnO samples under visible light conditions.
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FIG. 8. Production of H,O, in the suspension of ZnO samples measured by UV-vis spectra: (a) in ZnO samples irradiated for 2 h and (b) variation
of the amount of H,O, in ZnO samples versus irradiation time under visible light conditions.

TABLE 1. Average concentration of ROS generated by X, X-ZnO,
and nano-ZnO.

Particles ‘OH (umol) 'Oy~ (umol) H,0O, (umol) Total (umol)
X-ZnO 0.60 £ 0.02 6442 =0.60 0.22 =0.01 65.24 = 0.63
Nano-ZnO 4.60 = 0.02 24.10 £ 0.60 0.17 £ 0.01 28.87 = 0.63

ZnO on the surface of zeolite can improve the production
content of ROS in ZnO suspension. It was attributed to
the fact that the specific surface area of supported ZnO
was much higher than that of nano-ZnO, which can
provide more available reaction sites for light absorp-
tion.*®* And Li et al®' investigated that there was
a linear correlation between the average concentration
of total ROS and the antibacterial survival rates. The
higher the average concentration of total ROS produced
by nanoparticles, the better the antibacterial activities of

4238

nanoparticles were. Thus, X-ZnO has better antibacterial
activities than nano-ZnO.

In addition, we understand that some other factors such
as ion release may potentially affect the antibacterial
activities of ZnO. To determine the ion release effect on
the antibacterial activities, we monitored the ion that
released from suspensions of X-ZnO and nano-ZnO
under 2 h of visible light irradiation (the total concentra-
tion of ZnO was 0.48 mg/mL). The concentration of
released Zn>" ions determined by ICP-AES in the
suspensions of X-ZnO and nano-ZnO particles was
4.56 mg/L and 4.26 mg/L, respectively. However, it
was reported that the minimum inhibitory of Zn** was
10-20 mg/L.*® And concentrations of released Zn>" ions
from X-ZnO and nano-ZnO suspensions were much
lower than the minimum inhibitory concentration of
Zn’". Thus, it is believed that the released Zn’>" ions
were not the primary factor for the antimicrobial activities
of ZnO.
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IV. CONCLUSION

In this article, ZnO with layer-like morphology was
prepared using 13X zeolite as a support. The results of
the OD test and plate counting method suggest that pure
zeolite (X) almost had no antimicrobial abilities, both
X-ZnO and nano-ZnO showed obvious antimicrobial
activities against E. coli and S. aureus. In addition, the
ZnO supported on the surface of zeolite had higher
antimicrobial activities than nano-ZnO particles under
visible light conditions, especially against E. coli. The
average concentration of total ROS under visible light
conditions released from X-ZnO aqueous suspension was
much higher than that of nano-ZnO aqueous suspension.
It was attributed to the fact that the supported ZnO has
much larger specific surface area than nano-ZnO, which
can provide more available reaction sites for light
absorption. This was the main reason for X-ZnO that
had better antibacterial activities than nano-ZnO. It is an
effective method to improve the antimicrobial activities
of ZnO under visible light conditions by supporting
X-ZnO.
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