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ABSTRACT: High-efficacy and regenerable antimicrobial silica
granules were prepared via oxa-Michael addition between poly-
(vinyl alcohol) (PVA) and methylene-bis-acrylamide (MBA)
under the catalysis of sodium carbonate in an aqueous solution.
Diluted water glass was added, and the solution pH was adjusted to
about 7 to precipitate PVA-MBA modified mesoporous silica
(PVA-MBA@SiO,) granules. N-Halamine-grafted silica (PVA-
MBA-CI@Si0,) granules were achieved by adding diluted sodium
hypochlorite solution. It was found that a BET surface area of
about 380 m’ ¢! for PVA-MBA@SiO, granules and a Cl'% of
about 3.80% for PVA-MBA-CI@SiO, granules could be achieved
under optimized preparation conditions. Antimicrobial tests
showed that the as-prepared antimicrobial silica granules were

2
8

A
vl

reach up to 3807 ig

2

with an addition of NaOCI aqueous solution.

T G the antimicrobial bond N-Ci

w/\g/'s\/"m - -

0 o o
LA For dansk(m)

chlorination reactor & 4

.
\ BET surface area

dV/eD Pore Volume (ema/g)

8

e
8
-

capable of about a 6-log inactivation of Staphylococcus aureus and Escherichia coli O157:H7 within 10 min of contact. Furthermore,
the as-prepared antimicrobial silica granules can be recycled many times due to the excellent regenerability of their N-halamine
functional groups and can be saved for a long time. With the above-mentioned advantages, the granules have potential applications

in water disinfection.

1. INTRODUCTION

The outbreak of the coronavirus disease (COVID-19)
pandemic has raised global public health awareness, which
has caused more than 400 million confirmed cases and 6
million deaths worldwide. It is still increasing, causing
immeasurable pain and economic losses.”” Microbial con-
tamination and infection caused by pathogens are becoming
more and more serious. Disinfection and sterilization are
commonly used to prevent microbial proliferation and
pathogen transmission. At present, the lack of clean drinking
water has become a serious challenge for many countries in the
world.®> In the field of water purification, microbial
contamination remains one of the most serious problems.””
Commonly used water disinfection methods in the past few
decades include free halogens, ozone, chloramine, and
ultraviolet light.ﬁ’7 However, these disinfection methods have
some disadvantages. Free chlorine, ozone, and chloramine are
strong oxidants, which may react with organic impurities in
water to form undesirable byproducts during disinfection of
drinking water.®® Ultraviolet light does not have long-lasting
sterilization ability and may lead to secondary microbial
contamination of disinfected water.'’

Over the past few decades, more and more researchers in
related fields have paid attention to N-halamine antimicrobial
materials since they have very strong antimicrobial activities,
wide antibacterial spectra, and renewability of N-halamine
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antibacterial functional groups.''™"” Dr. Worley’s group
prepared porous cross-linked N-halamine antibacterial beads
for drinking water disinfection.'”"> Due to the high number of
N-halamine moieties, these antimicrobial resins have strong
antibacterial efficacies. Commercially speaking, these resins
have the potential to become sterilizing filter materials in water
purifiers. Nevertheless, these antimicrobial resins come with
several shortcomings, such as high production costs and large
amounts of waste organic solvents produced in the production
process. Our research group made an improvement a few years
ago by eliminating the use of organic solvents in the synthesis
of a N-halamine antimicrobial polymeric resin.'® Although the
synthesized resin has strong antibacterial effects, the stability of
its N-halamine functional group still has room for improve-
ment. Therefore, we need to further develop some environ-
mentally friendly methods to prepare some powerful water-
insoluble N-halamine materials with a stable and high content
of oxidative halogen for water disinfection.

Received: June 29, 2022
Accepted: November 18, 2022
Published: June S, 2023

https://doi.org/10.1021/acsomega.2c04079
ACS Omega 2023, 8, 2141021417


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yuqing+Shi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Haidong+Xu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yijing+He"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xuan+Tang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hongru+Tian"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jie+Liang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsomega.2c04079&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04079?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04079?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04079?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04079?fig=abs1&ref=pdf
https://pubs.acs.org/toc/acsodf/8/24?ref=pdf
https://pubs.acs.org/toc/acsodf/8/24?ref=pdf
https://pubs.acs.org/toc/acsodf/8/24?ref=pdf
https://pubs.acs.org/toc/acsodf/8/24?ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsomega.2c04079?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://acsopenscience.org/open-access/licensing-options/

ACS Omega

http://pubs.acs.org/journal/acsodf

Mesoporous silica which has a large specific surface area
with highly ordered pores and a narrow pore size distribution
has been widely used in the fields of separation, catalysis, drug
delivery, and nanosensors, etc.'’~*° Due to its large surface
area, porous structure, very good thermal stability, and
hydrophilicity, silica has the potential to be prepared as a
water treatment and antimicrobial material. There have been
some reports about N-halamine-modified mesoporous silica
antimicrobial materials.”** The obtained mesoporous silica
containing N-halamine moieties has good antibacterial
activities. However, their preparation methods are complicated
and need to be carried out in an organic solvent, resulting in
relatively expensive production costs and waste organic
solvents, which is disadvantageous for large-scale production
and commercial applications. In this paper, we developed a
facile, low-cost, green process for the preparation of
antibacterial mesoporous silica granules containing a stable
noncyclic N-halamine moiety (PVA-MBA-CI@SiO, granules).
The preparation process for PVA-MBA-CI@SiO, granules is
shown in Figure 1. Cheap and commercially available
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Figure 1. Preparation process for PVA-MBA-Cl@SiO, granules.

poly(vinyl alcohol) (PVA), methylene-bis-acrylamide (MBA),
water glass, and sodium hypochlorite solution were used as raw
materials. PVA and MBA reacted to form a polymer containing
both hydroxy and amide groups (PVA-MBA) via the oxa-
Michael addition between the active hydroxyl groups on PVA
and a,f-unsaturated functional groups of MBA under the
catalysis of sodium carbonate in an aqueous solution. The
diluted water glass was added into the above PVA-MBA
aqueous solution, and then the solution pH was adjusted to
precipitate PVA-MBA modified mesoporous silica (PVA-
MBA@SiO,) granules. After simple chlorination in NaOCI
solution, PVA-MBA-CI@SiO, granules were formed via
converting the amide groups in PVA-MBA@SiO, granules
into N-halamine ones. With a large specific surface area, a high
oxidative chlorine content, and stable N-halamine antibacterial
groups, the obtained PVA-MBA-CI@SiO, granules exhibit very
good antibacterial efficacies and will have potential applications
in water disinfection.

2. EXPERIMENTAL SECTION

2.1. Materials. Methylene-bis-acrylamide (MBA) and
poly(vinyl alcohol) (PVA)1799 were bought from Macleans
Shanghai Reagent Co., Ltd. Sulfuric acid, hydrochloric acid,

sodium carbonate, potassium iodide, and 7.5% NaOCI solution
were purchased from Sinopharm Chemical Reagent Co., Ltd.
Water glass (Na,0;-35i0,) 34 wt % was purchased from
Shandong Yousuo Chemical Co., Ltd. Staphylococcus aureus (S.
aureus) ATCC 25922 and Escherichia coli (E. coli) O157:H7
ATCC 941 were provided by Shanghai Institute of Materia
Medica, Chinese Academy of Sciences.

2.2. Characterization. A JEOL 2100 transmission electron
microscope was used to obtain transmission electron micro-
scope (TEM) images. A PerkinElmer PHI 5000 ESCT system
was used to obtain X-ray photoelectron spectroscopy (XPS)
spectra. X-ray diffraction (XRD) spectra were gained by using
Dmax-2000 X-ray diffraction. Fourier-transform infrared spec-
troscopy (FT-IR) spectra were obtained by a Thermo
Scientific NicoletiN10 infrared spectrometer. A Nova 4000e
Surface Area and Pore Size Analyzer was adopted to acquire
Brunauer—Emmett—Teller (BET) data.

2.3. Preparation of PVA-MBA@SiO, Granules. 0.30 g of
Na,CO;, 0.30 g of PVA, and 0.30 g of MBA were added to 50
mL of deionized water, and reacted at 80 °C for 10 h. After
cooling to about 30 °C, 3.80 g of water glass was diluted with
10 mL of deionized water and added to the above PVA-MBA
reaction solution. The PVA-MBA@SiO, granules were
obtained by adjusting the pH with 4 mol L™ hydrochloric
acid to about 6.7, and the entire acid addition rate was fast to
prevent the solution from gelling. The obtained crude PVA-
MBA@SiO, granules were thoroughly rinsed with deionized
water 3 times and then dried under a vacuum at 100 °C for 6
h.

2.4. Chlorination and Titration Analysis. PVA-MBA@
SiO, granules (1.00 g) were added to S0 mL of deionized
water, and then 5.0 mL of 7.5% NaOCI dilute solution was
added dropwise under stirring with a pH adjustment to about
7.5 by using 0.50 mol L' H,SO,. After the reaction mixture
was stirred for 2 h under room temperature, PVA-MBA-Cl@
SiO, granules were filtrated out and rinsed repeatedly with
deionized water to remove residual hypochlorite ions and then
dried under a vacuum at 50 °C for 2 h. The oxidative chlorine
content (CI'%) of PVA-MBA-CI@SiO, granules could be
measured by an iodometric method.”** The specific steps are
as follows. A certain amount of PVA-MBA-CI@SiO, granules
were ground into a fine powder and accurately weighed. The
weighed powders were transferred into an Erlenmeyer flask
containing 50 mL of deionized water, and then 0.20 g of KI
and 1.0 mL of 0.50 mol L™' H,SO, were added. Finally, the
solution was titrated with a 0.0100 mol L™ Na,$,0;, and the
end point of the titration was judged by a starch indicator. The
Cl"% can be calculated as follows:

N X VX 3545

Clt (%) =
(%) WX 2

X 100%

where N is the molar concentration of Na,S,0; consumed
(mol L"), V is the volume of Na,$,0; consumed (L), and W
is the mass (g) of PVA-MBA-Cl@SiO, granules.

2.5. Storage Stability and Renewability Tests in PVA-
MBA-Cl@SiO, Granules. The storage stability of N-halamine
functional groups in PVA-MBA-CI@SiO, granules can be
evaluated by measuring the change in the CI'% of PVA-MBA-
Cl@SiO, granules during the storage period.”> The specific
procedure is as follows: The Cl*% of the obtained PVA-MBA-
Cl@SiO, granules was measured and stored in a dark
environment at room temperature, and one portion was
taken every 7 days for measurement of CI*%. The N-halamine
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ratio of PVA and MBA: 1:1) on the Cl*% of the as-prepared PVA-MBA-CI@SiO, granules (the reaction temperature of PVA and MBA: 80 °C; the

reaction time of PVA and MBA: 10 h; the mass of the water glass: 3.80 g; solvent: 50 mL of water).
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functional group in the PVA-MBA-CI@SiO, granules was
reduced with a reducing agent and then regenerated, and the
ClI'% on the regenerated PVA-MBA-CI@SiO, granules was
measured. This procedure was repeated several times, and the
renewability of the antibacterial functional group in the PVA-
MBA-CI@S8iO, granules was judged according to the change of
CI*%.*° A Na,S,0; aqueous solution (0.03 mol L) was
prepared, and then 3.00 g of the as-prepared PVA-MBA-Cl@
SiO, granules was transferred to 100 mL of a 0.03 mol L™
aqueous Na,S,0; solution, and stirred at room temperature for
1 h to fully annihilate oxidized chlorine of PVA-MBA-Cl@SiO,
granules. The reduced granules were filtered out and washed
thoroughly to remove residual sodium thiosulfate and then
rechlorinated with the addition of NaOCI solution. The CI*%
of PVA-MBA-CI@SiO, after rechlorination was tested. This
procedure was repeated 10 times, and the renewability of the
N-halamine group in PVA-MBA-CI@SiO, granules was
determined by the change in CI*%.

2.6. Antibacterial Performance Test’’*® of PVA-MBA-
Cl@SiO, Granules. E. coli and S. aureus were adopted to
investigate the bactericidal properties of PVA-MBA-Cl@SiO,
granules in water. The specific procedure is as follows. The
weighed sample (0.50 g) was ultrasonically dispersed in SO mL
of sterile phosphate buffer saline (PBS) solution, and then the
bacterial solution was added to the above mixture. After
oscillation at 37 °C for a certain amount of time to allow the
sample to fully contact the bacterial solution, 0.50 mL of the
upper bacterial suspension was taken out and added to a test
tube containing 4.0 mL of PBS and 0.5 mL of 0.1 mol L™
sodium thiosulfate. The resulting mixture was serially diluted
with PBS, and 100 uL of each dilution was distributed onto the
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agar plate medium. After incubation at 37 °C for 24 h, the
colonies on the agar plate were counted.

3. RESULTS AND DISCUSSION

3.1. Preparation of the PVA-MBA-ClI@SiO, Granules.
With poly(vinyl alcohol) (PVA) and methylene-bis-acrylamide
(MBA) as raw materials, a polymer containing N-halamine
precursor functional groups (PVA-MBA) can be obtained via
the oxa-Michael addition between the active hydroxyl groups
on PVA and the a,f-unsaturated functional groups of MBA
under the catalysis of sodium carbonate in an aqueous
solution.” In this study, we tried to develop antibacterial
mesoporous silica granules containing stable N-halamine
moieties, which can be used as a disinfectant in water. For
this purpose, we chose water glass as the silicon source to
prepare antibacterial mesoporous silica granules. After the
diluted water glass was added to the PVA-MBA aqueous
solution, PVA-MBA modified mesoporous silica (PVA-MBA@
Si0,) precipitation could be obtained via adjusting pH of the
solution to about 6—7. The precipitate was washed and dried
to obtain PVA-MBA@SiO, granules. It is well-known that the
isoelectric point (pI) of orthosilicic acid is about 2, so under
neutral conditions, the silicates are negatively charged.
According to the cooperative formation mechanism proposed
by Stucky et al,*>*" the formation process of PVA-MBA@SiO,
is a S°X-mechanism, and negatively charged silicates (X-) and
electrical neutral PVA-MBA molecules (S°) are combined by
electrostatic force and hydrogen bonding. The antibacterial
mesoporous silica (PVA-MBA-CI@SiO,) granules could be
formed via chlorinating the amide group of PVA-MBA@SiO,
in NaOCI solution. In order to obtain a higher oxidative
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chlorine content (CI*%) in the as-prepared PVA-MBA-CI@
SiO, granules, we investigated the effects of the mass of PVA
and MBA, the mass ratio of PVA and MBA, the mass of
catalyst, the reaction temperature of PVA and MBA, the
reaction time of PVA and MBA, the temperature and pH of the
solution during precipitation, and the chlorination time on the
ClI'% of the as-prepared PVA-MBA-Cl@SiO, granules.

The influences of the mass of PVA and MBA, the mass ratio
of PVA and MBA, and the mass of catalyst on the CI"% of the

Figure S. SEM images of (a) PVA-MBA@SiO, and (b) PVA-MBA-
Cl@SiO, granules, TEM images of (c) PVA-MBA@SiO, and (d)
PVA-MBA-CI@SiO, granules.

obtained PVA-MBA-CI@SiO, granules are demonstrated in
Figure 2. As shown in Figure 2a, we kept the mass of the water
glass (3.80 g) and the mass ratio of PVA and MBA (1:1)
constant and gradually changed the mass of PVA and MBA. It
was found that the CI*% of the as-prepared PVA-MBA-Cl@
SiO, granules was raised substantially from 0.83% to 3.71%
with the increase of the mass of PVA and MBA from 0.20 to
0.60 g. When the mass of PVA and MBA continued to increase
from 0.60 to 1.00 g, the CI'% only changed a little. It is
reasonable that more PVA and MBA molecules can lead to
more amide functional groups fixed on the surface of SiO,
precipitate via a S"X-mechanism, resulting in higher CI*% after
chlorination of amide groups. However, as the number of PVA-
MBA molecules exceeds that of the negatively charged silicates
(X-), the extra PVA-MBA molecules cannot be fixed on the
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surface of SiO, precipitate. Therefore, more added PVA and
MBA cannot further increase the Cl*%. As shown in Figure 2b,
the Cl*% increased from 1.25% to 3.80% with the mass ratio of
MBA/PVA increased from 1:3 to 1:1. Further increasing the
mass ratio of MBA/PVA only caused a small increase in Cl*%.
Figure 2¢ shows the effect of the mass of catalyst on Cl"% of
the as-prepared PVA-MBA-CI@SiO, granules. Na,COj; is a
suitable catalyst for pxa-Michael addition.”” In this study, we
adopted Na,COj; as the catalyst for the oxa-Michael addition
between PVA and MBA. As shown in Figure 2c, the CI'% of
the as-prepared PVA-MBA-CI@SiO, granules increased from
2.08% to 3.82% with the mass of catalyst increasing from 0.10
to 0.30 g. However, when the mass of catalyst was further
increased from 0.30 to 0.90 g, the CI"% substantially decreased
from 3.82% to 1.79%. A possible reason for this decrease is that
too much added Na,COj; causes an increase of the solution pH
to a certain level, which is not conducive to the reaction
between PVA and MBA.* Therefore, the optimal added mass
of PVA and MBA, mass ratio of PVA and MBA, and mass of
catalyst were 0.60 g, 1:1, and 0.30 g with an addition of 3.80 g
of water glass, respectively.

Figure 3 displays the influences of reaction temperature and
time of PVA and MBA on Cl"% of the as-prepared PVA-MBA-
Cl@SiO, granules. As seen in Figure 3a, the CI'% of the
obtained PVA-MBA-CI@SiO, granules increased from 2.22%
to 3.79% with a prolonged reaction time of PVA and MBA
from 4 to 10 h, and further prolonging the reaction time from
10 to 12 h did not make the Cl*% increase a lot. As seen in
Figure 3b, the CI'% increased from 1.27% to 3.83% with the
reaction temperature rise from 50 to 80 °C. However, further
increasing the reaction temperature from 80 to 90 °C resulted
in a decline of CI"% from 3.83% to 3.49%, indicating that too
high a temperature is not favorable for the formation of PVA-
MBA molecules. Therefore, 10 h and 80 °C were chosen as the
optimized reaction time and temperature of PVA and MBA.

During our study, we found that the solution pH is very
sensitive to the precipitation of PVA-MBA@SiO, granules.
The effects of the precipitation pH under three different
temperatures and chlorination time on the Cl*% of the as-
prepared PVA-MBA-Cl@SiO, granules are displayed in Figure
4. Since the water glass is strongly alkaline and the pH of the
mixed solution of glass water and PVA-MBA is above 11, 4 mol
L™! HCI was used to decrease the pH for the precipitation of
PVA-MBA@SiO, granules. As displayed in Figure 4a, under 20
°C, PVA-MBA@SiO, granules began to precipitate out at pH
7.20. The CI'% of the obtained PVA-MBA-Cl@SiO, granules
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Figure 6. XPS spectra (a) and FT-IR (b) of PVA-MBA@SiO, and PVA-MBA-CI@SiO, granules.
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Figure 8. (a) N, adsorption—desorption isotherm and (b) pore size distribution curve of PVA-MBA@SiO, granules.

substantially decreased from 2.12% to 0.25% with the
precipitation pH decreasing from 7.20 to 6.65. Under 30 °C,
PVA-MBA@SiO, granules began to precipitate out at pH 7.00.
The CI'% of the obtained PVA-MBA-CI@SiO, granules
gradually increased from 3.04% to 3.78% with the precipitation
pH decreased from 7.00 to 6.65 and then substantially
decreased from 3.78% to 0.99% with the precipitation pH
decreased from 6.65 to 6.30. Under 40 °C, PVA-MBA@SiO,
granules began to precipitate out at pH 6.95. The CI*% of the
obtained PVA-MBA-Cl@SiO, particles gradually increased
from 2.03% to 2.64% with the precipitation pH decreased from
6.95 to 6.55 and then substantially decreased from 2.64% to
0.43% with the precipitation pH decreased from 6.55 to 6.10.
It is very clear that the optimal precipitation pH and
temperature are 6.65—6.85 and 30 °C. As seen in Figure 4b,
the CI'% of PVA-MBA-Cl@SiO, increased with prolonging
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the chlorination time and was 3.84% at 2 h. After 2 h, further
prolonging the time did not change the Cl*%. It is very clear
that 2 h is the optimized chlorination time.

3.2. Characterization of PVA-MBA-CI@SiO, Granules.
3.2.1. SEM and TEM. The SEM and TEM of PVA-MBA@SiO,
and PVA-MBA-CI@SiO, granules are shown in Figure S. The
as-prepared PVA-MBA@SiO, and PVA-MBA-CI@SiO, gran-
ules were microstructures of particle packing, and chlorination
had no significant effect on the material structure in Figure
Sa,b. The as-prepared PVA-MBA@SiO, and PVA-MBA-Cl@
SiO, granules did not show a common ordered pore structure
in Figure Sc,d. The TEM ima%e was very similar to the typical
disordered mesoporous silica.”* After chlorination, there was
no significant change in the pore structure.

3.2.2. XPS and FT-IR Spectra. XPS and FT-IR spectra of
PVA-MBA@SiO, and PVA-MBA-CI@SiO, granules are shown
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in Figure 6. Both PVA-MBA@SiO, and PVA-MBA-CI@SiO,
granules in Figure 6a show signals of nitrogen (N 1s: 399.97
V) and carbon (C 1s: 284.57 eV), indicating the existence of
carbon and nitrogen atoms in the prepared silica materials,
which proved the successful combination of PVA-MBA and
silica. Compared with PVA-MBA@SiO, granules, PVA-MBA-
Cl@SiO, granules had a new peak of chlorine (CI 2p: 200.3
eV), which was ascribed to the existence of N—CI bonds in
PVA-MBA-CI@SiO, granules.33 As shown in Figure 6b, the
peak at 2960 cm™' is caused by a stretching vibration of the
C—-H group,36 indicating that PVA-MBA is bound to silica.
After chlorination, the peak of amide C=O stretching
vibration shifts from 1650 to 1653 cm™ due to the electron-
withdrawing effect of the adjacent oxidative chlorine.”’

3.2.3. XRD and SXRD Spectra. X-ray diffraction (XRD) and
small angle XRD (SXRD) can be adopted to determine the
crystal structure and pore structure of porous materials. As
shown in Figure 7a, the large angle XRD diffraction pattern
(260 = 10—60°) indicates that both PVA-MBA@SiO, and PVA-
MBA-CI@SiO, granules are typical amorphous phase
structures. As shown in Figure 7b, both PVA-MBA@SiO,
and PVA-MBA-CI@SiO, particles have no obvious SXRD
diffraction peaks, indicating that they may have disordered
pore structures.”® This result corresponds to the result of
TEM.

3.2.4. BET Surface Area. The nitrogen adsorption/
desorption isotherm and pore size distribution curve of PVA-
MBA@SiO, granules are presented in Figure 8, and the results
of BET surface area, pore volume, and pore diameter of PVA-
MBA@SIO, granules are summarized in Table 1. Figure 8a

Table 1. Surface Area, Pore Volume, and Pore Diameter of
PVA-MBA@SiO, Granules

BET surface area volume of pores pore diameter

sample (m*>g™) (em® gt) (nm)
PVA-MBA@ 380 0.44 4.1
$i0,

shows a type IV isotherm with H, hysteresis loops in the
relative pressure range of 0.4 to 0.8 according to the standard
classification of isotherms. Type IV adsorption isotherms were
considered to be typical adsorption isotherms for mesoporous
materials.”® From Figure 8b, we could also see that PVA-
MBA@SIO, particles had a uniform distribution of pore size.
The BET surface area of PVA-MBA@SiO, granules could

reach up to 380 m* g, which is good for its application in
disinfection of water.

3.3. Performance Evaluation of PVA-MBA-Cl@SiO,
Granules. 3.3.1. Storage Stability and Renewability in
PVA-MBA-Cl@SiO, Granules. The storage stability and
renewability of N-halamine groups in PVA-MBA-Cl@SiO,
granules are shown in Figure 9. As seen in Figure 9a, the
Cl'% of the obtained PVA-MBA-CI@SiO, granules decreased
slightly from 3.84% to 3.69% after storage under room
temperature for 6 weeks, demonstrating that the antibacterial
N-halamine groups in PVA-MBA-CI@SiO, granules are very
stable. From Figure 9b, it could be found that after 10 times of
rechlorination, the ClI"% of the obtained PVA-MBA-Cl@SiO,
granules only decreased from initial 3.74% to 3.55%, which
means very good renewability of N-halamine groups in PVA-
MBA-Cl@SiO, granules.

3.3.2. Antibacterial Performance of PVA-MBA-Cl@SiO,
Granules. The antibacterial performance of PVA-MBA@SiO,
and PVA-MBA-CI@SiO, was tested with S. aureus and E. coli.
The results are displayed in Table 2. For PVA-MBA@SiO,

Table 2. Antibacterial Performance of PVA-MBA@SiO, and
PVA-MBA-Cl@S8iO, Granules against E. coli and S. aureus

b

contact time S. Aureus” 5
sample (min) reduction (%)  reduction (%)
PVA-MBA@SiO, 10 11.00 15.00
PVA-MBA-Cl@SiO, 1 98.16 98.59
(CI*9% = 3.81%)
S 99.36 99.49
10 100 100

“Inoculum was 2.07 X 10° colony forming units (CFU) per sample.
’Inoculum was 5.61 x 10° CFU per sample.

granules, only 11% and 15% of S. aureus and E. coli were
inactivated within 10 min of contact. For PVA-MBA-CI@SiO,
granules, 98.16%, 99.36%, 100% and 98.59%, 99.49%, 100% of
S. aureus and E. coli, respectively, were inactivated within 1, S,
10 min of contact. Xu’s group prepared antibacterial N-
halamine decorated mesoporous silica nanoparticles which can
inactivate 95% of S. aureus after 10 min of contact.*’ By
comparison, it is clear that the as-prepared PVA-MBA-Cl@
SiO, granules have strong antimicrobial efficacies.

4. CONCLUSIONS

In this research, a green and valuable two-step process was
successfully developed for the preparation of antimicrobial
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Figure 9. Storage stability (a) and renewability (b) of N-halamine groups in PVA-MBA-CI@SiO, granules.
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mesoporous silica granules modified with stable N-halamine
moieties. In this preparation process, cheap and available water
glass was chosen as an economical silica source for the
preparation of mesoporous silica granules. Very interestingly,
the existence of PVA-MBA molecules can lead to the rapid
precipitation of mesoporous silica particles containing N-
halamine precursor groups (amide groups) under a certain pH
range. Compared to silica gels, the precipitated mesoporous
silica (PVA-MBA@Si0,) granules can be easily separated from
the solution and dried due to less water content absorbed in
these granules. Practically, in a large-scale production, after the
filtration, the wet PVA-MBA@SiO, granules can be directly
used for the chlorination of their amide groups to form
antimicrobial mesoporous silica (PVA-MBA-CI@SiO,) gran-
ules without drying. The results showed that the obtained
PVA-MBA-CI@SiO, granules had uniform mesoporous
channels and a large specific surface area. Furthermore, the
obtained PVA-MBA-CI@SiO, granules had strong antibacte-
rial effecta, good storage stability, and renewability of the N-
halamine moiety. Therefore, the as-prepared antibacterial
mesoporous silica granules will have a good application
prospects in the field of water disinfection.
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