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Poly(tert-butyl acrylate) (PtBA) bruhes were successfully grafted on the cellulose filter papers via surface-initiated atom transfer radical
polymerization (ATRP). Then the grafting PrBA brushes were transferred into poly(acrylic acid) (PAA) in the presence of trifluoroactic
acid (TFA), which can form chelate complexes with Ag*. The Ag* was reduced in situ to obtain the silver nanoparticles decorated
cellulose filter papers. Fourier transform infrared spectroscopy (FT-IR) and X-ray diffraction (XRD) were used to characterize the
chemical structure of the resulting product. The morphologies of the filter paper at different stages of surface modification were
investigated by field emission scanning electron microscopy (FESEM). The silver nanoparticles decorated filter paper performed
good antibacterial ability against E. coli as compared with the original filter paper and PAA modified filter paper.
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1 Introduction

Cellulose that has been widely studied for several decades
(1-5) is the most abundant natural biopolymer. Struc-
turally, it is a polymer of D-glucose in which the individual
units are linked by 8 -glucose links from the anomeric car-
bon of one unit to the C-4 hydroxyl of the next unit (6).
Cellulose as an abundant, inexpensive, biodegradable and
renewable resource that has been many important appli-
cations because of its useful properties such as the high
modulus of crystalline cellulose combined with the low
weight; but for some applications, it lacks properties of
synthetic polymers (7). In order to use cellulose more ef-
fectively, modifications are needed in most cases. Graft-
ing of polymer onto the surface of cellulose is one of the
widely used methods to modify cellulose. Traditionally, the
grafting methods include “grafting from” and “grafting to”
techniques (6-10). Using the “grafting from” technique,
radicals are generated along the cellulose backbone, fol-
lowed by free radical polymerization of vinyl monomers,
but it is hard to predetermine the length of the graft chains
from the cellulose backbone because these methods are not
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controlled. The grafting polymer usually has high molec-
ular weight, broad molecular weight distribution, and the
end-groups unknown (7). In most cases, the concurrent for-
mation of homopolymers and copolymers predominates
over graft copolymerization (6). As for the “grafting to”
method, the polymers are pre-formed, usually by anionic
or cationic polymerization, and thereafter coupled to the
cellulosic backbone. However, this procedure usually yields
poor grafting density and the polymerization procedures
are tedious to perform (11-13).

Fortunately, living radical polymerization, especially
atom transfer radical polymerization (ATRP) that intro-
duced by Wang and Matyjaszewski (14), provides the pos-
sibility of overcoming the disadvantages of conventional
free-radical polymerization. ATRP is a robust and versatile
technique for its excellent controllability over the molecular
weight, and polydispersity and its facility of preparation of
well-defined copolymers with various architectures such as
block, graft, comb, multi-armed and hyperbranched poly-
mers (15-18). Recently, ATRP has been successfully used in
the grafting modification of cellulose and it derivatives by
introducing an ATRP initiator to the cellulose backbones
(6,10, 19). Carlmark et al. report the ATRP of methyl acry-
late from initiators immobilized on cellulose fibers in 2002
and a block copolymer of PMA and PHEMA has been
grafted from PMA-grafted cellulose fibers in 2003 (20, 21).

In recent years, materials with antibacterial properties
have been paid much attention because they are used in
a wide range of fields such as food packaging, sanitary
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materials, household and medical items. Antimicrobial
surfaces can be obtained by incorporating antimicrobial
species either through covalent bonding or via noncova-
lent (via leaching) interaction to the surface (22). Much
attention has been paid on utilization of the cellulose due
to its good biodegradability, biocompatibility and non-
toxicity. However, there are some drawbacks of the cel-
lulose fibers because of their large surface area and ability
to retain moisture, which provides an excellent environ-
ment for microorganisms to grow. In the past several years,
several research efforts have attempted to modify cellu-
lose fiber by chemically manipulating hydroxyl functional-
ities as anchor points for chemical derivatization. The an-
tibacterial agents include phenols, halogens (e.g., iodine),
biguanides, heavy metals (e.g., silver, tin, and mercury),
phosphonium salts, and quaternary ammonium salts (22—
28). Recently, several techniques, which can create antibac-
terial surfaces via grafting polymers with controlled poly-
mer length and polydispersity directly from the surface us-
ing monomers containing antimicrobial groups, have been
reported. Lee et al. reported that the permanent, nonleach-
ing antibacterial paper surfaces were obtained by ATRP of
2-(dimethylamino)ethyl methacrylate and therefore, quat-
ernization by ethyl bromide (29). Roy et al. reported the
antibacterial cellulose fiber prepared via RAFT polymer-
ization of 2-(dimethylamino)ethyl methacrylate and then
quaternization by two different alkyl bromide (22).

In this work, a novel method of fabricating antibacterial
filter paper using silver nanoparticles as the antibacterial
agent (24-26) was developed via ATRP technique. ATRP
initiators were immobilized on the filter paper surfaces first
and then the surface-initiated ATRP of tert-butyl acrylate
(tBA) was carried out directly. The grafting P(1BA) was
transferred into poly(acrylic acid) (PAA) by hydrolyzation,
which can form chelate complex with Ag*. The Ag"™ can
easily be reduced in situ to obtain the silver nanoparticles
on the cellulose filter paper surfaces after a reducing agent
sodium borohydride was added. The silver nanoparticles
decorated filter papers performed good antibacterial
ability.

2 Experimental

2.1 Materials

Cellulose filter paper was purchased from Hangzhou
Xinhua Paper Co. Tert-butyl acrylate (zBA) (99%) was
supplied by Alfa Aser Co. and filtered through a ba-
sic alumina column used by removing the stabilizer be-
fore use. 2-Bromoisobutyryl bromide (98%) was supplied
by Aldrich Chemical Co. and used as received. Ethyl 2-
bromoisobutyrate (EBiB) (98%) was purchased from Acros
and used as received. Copper (I) bromide (CuBr) (98%) and
N,N,N,N', N-pentamethyldiethyenetriamine (PMDETA)
(99%) were obtained from Aldrich and used as received.

Tang et al.

Acetone (analytical reagent), tetrahydrofuran (THF, ana-
lytical reagent), and ethanol (analytical reagent) were ob-
tained from Changshu Yangyuan Chemical Reagents Co.
and the THF was remove the remainder water by reflux in
the presence of sodium for 24 h.

2.2 Immobilization of Initiator on Filter Paper
(Filter Paper-Br)

The preparation procedure of the initiator-modified filter
paper was similar to that reported by Carlmark (20) us-
ing the hydroxyl groups on the filter paper surfaces to re-
act with 2-bromoisobuturyl bromide. Filter paper, 2 x 2
cm?, was washed with acetone and tetrahydrofuran (THF)
prior to use and ultrasonicated for 5 min in both sol-
vents. The piece of paper was immersed in a solution of 2-
bromoisobuturyl bromide (5 mL, 0.04 mol), triethylamine
(7 mL, 0.05 mol), and a catalytic amount of 2-dimethyl
aminopyridine (DMAP) in THF (50 mL). The reaction
was allowed to proceed at room temperature on a shaking
device overnight. The filter paper substrate (filter paper-Br)
was thereafter thoroughly washed with ethanol and THF
in that order, and dried in a vacuum oven at 25°C.

2.3 Grafting PtBA with a Targeted DP of 400 on the
Modified Cellulose Fibers in the Presence of a
Sacrificial Initiator (Filter Paper-g-PtBA)

Surface-initiated polymerization of tBA was performed by
ATRP, as described earlier (30). The initiator-modified pa-
per was immersed into the reaction mixture containing
tBA (10 mL, 0.069 mol), PMEDTA (50 L, 0.27 mmol),
Cu(I)Br (33.3 mg, 0.23 mmol), EBiB (25 «L, 0.17 mmol)
and acetone (5 mL). The flask was sealed with a rubber sep-
tum and evacuated and back-filled with Ar-gas three times
and then transferred into an oil bath held by a thermostat at
60°C to polymerize. After the desired polymerization time,
the substrate was subjected to intense washing in THF, wa-
ter, and ethanol under ultrasonic. The sample (filter paper-
g-PtBA) was dried in vacuum at room temperature. The free
polymer initiated by EBiB in the solution was collected by
pouring the solution diluted with THF into a large amount
of mixture solvent of methanol and water (1:1, v/v) to pre-
cipitate the PrBA, and then filtered and dried under vacuum
until a constant weight was obtained. The graft ratio was
calculated according to the following equation:

G% = (W, — Wh)/ Wy x 100%

where, W, and W, are weights of grafted cellulose filter
paper and original cellulose filter paper, respectively.

2.4 Hydrolysis of Grafting PtBA (Filter Paper-g-PAA)
and PtBA in Bulk

The filter paper grafted with PtBA was placed into a flask,
which contained a mixture of 3 mL of trifluoroacetic acid
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(TFA) and 20 mL of dichloromethane (31). The Hydroly-
sis reaction was performed for 24 h. Then, the filter paper
was subjected to intense washing with acetone, water, and
ethanol under ultrasonic. Afterwards, the cellulose grafted
with PAA (filter paper-g-PAA) was dried under reduced
pressure at room temperature. The procedure of hydrolysis
of PtBA in bulk was similar to the above. After accomplish-
ment of the hydrolysis reaction, excess reagents (20 mL) was
removed by rotatory evaporation and dried under vacuum
for 24 h. Then the obtained white powder was dissolved in
THF and poured into an excess of hexane to precipitate
PAA and then filtered and dried under vacuum.

2.5 Preparation of Silver Nanoparticles Decorated Filter
Paper (Filter Paper-g-PAA/Ag)

The plentiful carboxyl groups in poly(acrylic acid) (PAA)
can form a chelate complex with Ag* (32), giving rise to
cellulose fiber/nanosilver particle hybrid composites. The
filter paper covered with PAA was immersed into a 25 mL
flask charged with 20 mL of AgNOj3 aqueous solution (0.04
M), and the flask was shaken overnight in the dark. After
the filter paper had washed with distilled water five times,
it was immersed into a flask containing 20 mL of distilled
water; and then 8 mL of NaBH, solution (0.1 M) was added
dropwise under shaking. The Agt was reduced by NaBHy4
in situ and silver nanoparticles were formed on the surfaces
of the filter paper (filter paper-g-PAA/Ag).

2.6 Antibacterial Assessment

Antibacterial activity of the silver nanoparticles decorated
filter paper was evaluated by optical density method de-
scribed as reported (33). A representative bacteria colony
was picked off, placed in a LB broth and incubated at 37°C
for 24 h. Then the obtained fresh culture, where bacteria
cells grew luxuriantly, was ready for an antibacterial test.
50 uL of the fresh culture was inoculated into the LB broth
medium (5 mL) containing filter papers covered with PAA
and decorated with silver nanoparticles, respectively, and
the mixtures were shaken in a shaking bed for 29 h. During
incubation, turbidity of the medium was measured at 600
nm 9 times with a spectrophotometer.

2.7 Characterizations

The molecular weights and molecular weight distributions
(M, / My,) of the polymers were determined with a Wa-
ters 1515 gel permeation chromatograph equipped with
a refractive-index detector, with HR1, HR3, and HR4
columns with molecular weight range 100-500,000 cali-
brated with poly(methyl methacrylate) standard samples.
THF was used as the eluent at a flow rate of 1.0 mL/min
and operated at 30°C. FT-IR spectra were measured us-
ing a Varian Scimiter 1000 with the sample dispersed in
KBr pellets. The thermal stability was determined with a
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TA 2010 thermogravimetric analyzer at a heating rate of
20°C/min in nitrogen. Field emission scanning electron
microscopy (FESEM) images were recorded on a JEOL
JSM-6700F FESEM at an accelerating voltage of 5 kV.
The metal ion concentrations were determined by Varian
SpectrAA-220FS. The optical density (OD) of the medium
was measured with a spectrophotometer (721 MC UV-Vis,
Shanghai, China).

3 Results and Discussion

3.1 Surface-initiated ATRP of tBA on Filter Paper
Modified with ATRP Initiator

Filter paper was chosen as the cellulose fiber substrate due
to its wide application in our daily lives and its low cost. In
order to obtain the antibacterial filter paper surfaces, a five-
step modification method via surface-initiated ATRP was
demonstrated as shown in Scheme 1. The key step is the im-
mobilization of ATRP initiators on the surfaces of the filter
paper. In this work, the initiator-functionalized filter paper
was obtained by the reaction between the hydroxyl groups
on the surface of cellulose fibers and 2-bromoisobuturyl
bromide, which yielded bromo-ester groups known as effi-
cient initiators for ATRP on the substrate surfaces.

Surface-initiated ATRPs of tBA were carried out on
the surfaces of the initiator-functionalized filter papers.
Cu(D)Br and the ligand PMEDTA served as catalysts in
the ATRP reaction, and acetone was used as the solvent.
Adding sacrificial initiators to a ATRP reaction system is
a common method to control the length of the grafts from
surface confined initiators (21). In this work, EBiB as a sac-
rificial initiator was also added so that the molecular weight
of the grafting polymer could be well-tailored. Since EBiB
initiates polymerization of tBA in solution, a bulk polymer
was formed simultaneously as the surface grafting. Analy-
sis of the bulk polymer gives an idea of the molecular weight
and polydispersity of the grafted polymer, even though the
kinetics of the surface polymerization may differ somewhat
from that of the bulk (21).

A series of cellulose-g-PtBA copolymers were prepared
using surface-initiated ATRP. The graft ratio of PtBA on
the cellulose fiber was calculated by gravimetric analysis.
To ensure complete removal of physically adsorbing, or
loosely attaching homopolymers, the samples were repeat-
edly washed with THF and acetone. The weight gain of
filter paper-g-PtBA copolymers was then compared with
filter paper-Br. As can be seen from Table 1, the molecular
weight in the bulk increased from 14500 g/mol to 32500
g/mol with the polymerization time increasing from 2 h
to 14 h and the M,/ M, values were low ( from 1.1 ~ 1.3)
except the sample cellulose-g-PtBA-2. The reason for the
sample of cellulose-g-PtBA-2 was somewhat uncontrollable
maybe that a rapid dynamic equilibrium between growing
radicals and dormant species wasn’t established and kept a
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Sch. 1. Schematic diagram illustrating the modification of the cellulose filter paper by surface-initiated ATRP.

relatively high concentration of radicals at the beginning of
polymerization. The graft ratio was investigated at the same
time, as listed in Table 1. It can be seen that the graft ratio
also increased with the polymerization time (up to 32%).
All these results indicate that the polymerization of PrBA
can be well-controlled under the present polymerization
conditions.

3.2 Hydrolysis of Grafting PtBA on the Filter Paper and
PtBA in Bulk

The ester groups of PrBA can easily be hydrolyzed into
carboxyl groups by TFA in CH,Cl, just at room tempera-
ture. The plentiful carboxyl groups in PAA can be used for
chelating Ag™, giving rise to filter paper-g-PAA/Ag hybrid
composites after the Ag™ was converted to Ag nanoparti-
cles by NaBHy in situ. This method using the grafted PAA
chains to sequester Agt has some advantages compared
with the methods of cellulose derivatives as templates to
adsorb metal ions, such as: (i) there are more carboxyl

groups than the small molecular carboxyl in the original
filter paper; (i) the metal ion content can be controlled
by the grafting polymer density and the length of grat-
ing polymer; (iii) the metal-loaded cellulose are relatively
stable due to the protective nature of the polymer over-
layer; and (iv) hybrid polymer/metal nanocomposites can
be readily obtained (32). From Table 1, it can be seen
that the content of the silver nanoparticles on the sur-
faces of the functionalized filter paper can be easily ad-
justed from 0.22 mg/cm? to 0.43 mg/cm? by just con-
trolling the surface-initiated ATRP polymerization time
from 2 h to 14 h, fully demonstrating the advantage of this
method.

3.3 Analysis by FT-IR

Figure 1 shows the FT-IR spectra of the original filter paper,
filter paper-Br, filter paper-g-P¢BA and filter paper-g-PAA.
As can be seen from Figure 1a, a broad band at 3420 cm™!
is attributed to hydroxyl groups and the absorption bands

Table 1. The data of molecular weight, polydispersity, grafting ratio and Ag content with different polymerization time

Grafting M, in Grafting Ag content”
Sample time (h) bulk M,/ M, ratio (%) (mg/cm?)
cellulose-g-PrBA-2 2 14500 1.6 12 0.22
cellulose-g-PrBA-4 4 20700 1.3 18 0.29
cellulose-g-PrBA-14 14 32500 1.1 32 0.43

“Ag content was calculated by the equation: Cay = Caasx V/A, where Cag, Caas, V, and A are the Ag content, the Ag concentration measured
by atomic absorption spectrometry (AAS), the whole volume of the AgNO;3 aqueous solution and the area of the filter papers, respectively.
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Fig. 1. FT-IR spectra of the original filter paper (a), filter paper-
Br (b), filter paper-g-PtBA (c), filter paper-g-PAA (d) and PAA
hydrolyzed from PtBA in bulk (e).

at 2900 and 2849 cm™! are characteristic of C-H linkages.
The peak at 2849 cm~! is assigned to asymmetric and sym-
metric stretching vibrations resulting from CH, bonds. The
peak at 1640 cm™! is assigned to the stretching absorption
resulting from H-O-H intermolecular linkages, and there
are two absorption bands around 1430 and 1370 cm™!
due to C-H symmetric bending from CH; and C-H bend-
ing, respectively. The weak bands at 1059 and 1025 cm™!
are attributed to skeletal vibrations involving C-O stretch-
ing. Other peaks at 1160 cm~!, 1100 cm~! and 894 cm™!,
attributable to asymmetric bridge C-O-C stretching and
C-H deformation, respectively, are characteristic of amor-
phous cellulose (34). A new peak at 1740 cm~! appeared in
cellulose-Br in Figure 1b, which can be assigned to carbonyl
group (21, 35, 36), indicating the 2-bomoisobutyrates had
successfully been immobilized on the surfaces of the cel-
lulose fiber. After grafting polymerization of PfBA on the
cellulose surface, the appearance of a new medium intense
peak at 1730 cm~! in Figure Ic is attributable to the ester
group (-COO-) (30, 31, 37), suggesting that the successful
grafting of the PfBA brushes on the filter paper surface.
The FT-IR spectrum for the filter paper-g-PAA is shown in
Figure 1d. The peak at 1730 cm~! disappeared and a new
peak at 1712 cm~! which is usually representative of PAA
appeared and it is consistent with the PAA hydrolyzed from
PtBA in bulk shown in Figure le (30, 31, 37), indicating
that the PrBA was successfully transferred into PAA by
hydrolysis. There is also a decrease in the absorption at the
band localized at 1640 mem~! (stretching H-O-H) due to a
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Fig. 2. TGA thermograms of the original filter paper (a), filter
paper-g-PAA (b) and the filter paper-g-PAA/Ag (c) for the sam-
ple after polymerization of tBA for 14 h.

decrease in the H-O-H interactions because of the presence
of the PAA chains.

3.4 TGA Analysis

Thermogravimetric (TGA) analysis was used to study the
decomposition pattern and the thermal stability of the
grafted cellulosic copolymers. Figure 2 displays the TGA
weight loss curves for some samples of the original filter
paper, filter paper-g-PAA, and the filter paper-g-PAA/Ag.
As seen in Figure 2a, the original filter paper decomposed
in the range of 290-405°C and about 13.5 wt% of sample
remaining at 500°C, as observed by previous works (7, 9,
38). The decomposition of filter paper-g-PAA shows a two-
step-degradation profile, with the first degradation step due
to cellulose and then PAA grafts, and only yields a small
amount of residual mass (0.83 wt%) as shown in Figure 2b
due to the PAA grafted on the filter paper surfaces (39, 40).
There is more residual mass for the sample of filter paper-g-
PAA/Ag hybrid composites below 760°C, shown in Figure
2¢ as compared with the sample of filter paper-g-PAA due
to the presence of the silver nanoparticles on the surface of
the filter paper (32).

3.5 XRD Analysis

X-ray diffraction (XRD) was used to examine the crystal
structure of the sample of filter paper-g-PAA/Ag hybrid
composites as shown in Figure 3. The XRD peaks appear-
ing at 20 = 37.9°, 44.2°, and 64.3° correspond to the (111),
(200), and (220) planes of the face-centered-cubic (fcc) sil-
ver, respectively, indicating that silver nanoparticles formed
in the brushes are high crystallinity (41, 42). These data are
in good agreement with the data in the Powder Diffraction
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Fig. 3. XRD pattern of the filter paper-g-PAA/Ag hybrid com-

posites for the sample after polymerization of tBA for 14 h. Ticks
indicate reference peaks for fcc-silver (PDF-No. 00-004-0783).
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File (PDF-No.: 00-004-0783). No diffraction peaks corre-
sponding to silver oxide are observed, which confirms that
the silver nanoparticles stabilized by PAA brushes on the
surfaces of the filter paper are successfully formed.

3.6 Morphology Analyzed by FESEM

Figure 4 shows the morphologies of the original filter pa-
per, filter paper-g-PAA and filter paper-g-PAA/Ag from
FESEM. From Figure 4c, a lot of particles, attributable to
the silver nanoparticles formed in situ, can be seen on the
surface of the surface-modified filter paper as compared
with the original filter paper (Figure 4a) and filter paper-
g-PAA (Figure 4b), suggesting the successful synthesis of
silver nanoparticles on the filter paper. The components
of the resulting filter paper-g-PAA/Ag hybrid composites
were measured using an FESEM instrument equipped with
an energy dispersive spectrometer (EDS) analyzer. EDS
analysis confirmed a higher silver content on the surface of
the filter paper as seen in Figure 4d (32). In addition, from

Pt
" oL '._'- PP oo, et N et 2,
1.DD 2.DD 3.aa 4.D0D 5.4aa 6.DD 7.aao a.0D 9.aa eV

Fig. 4. FESEM images of the original filter paper (a), filter paper-g-PAA (b) and filter paper-g-PAA/Ag (c); and EDS spectrum of

the filter paper-g-PAA/Ag (d).
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Fig. 5. Photos of the original filter paper (A), filter paper-g-PAA
(B), and filter paper-g-PAA/Ag (C) in water.

Figure 5, it can be seen that the filter paper turns black
after the decoration by silver nanoparticles on the surface
(Figure 5C), while the original filter paper (Figure 5A) and
the filter paper-g-PAA (Figure 5B) are white.

3.7 Antibacterial Assessment

The ability of the silver decorated filter paper to inhabit
bacteria was tested according to the reported method by
Liet al. (33), and the results are described in Figure 6. The
optical density (OD) of the medium will change with the
bacterial cell propagating due to that the bacterial cell is
opaque. E. coli was selected to the bacterial cell and four
controls in which there is no presence of filter paper (a), the
presence of the original filter paper (b), the presence of the
filter paper-g-PAA (c) and the filter paper-g-PAA/Ag (d)
were conducted. From Figure 6, it can be seen that both the

v v

o
o

o 5 10 15 20 25 30
Culture Time (h)

Fig. 6. OD vs. culture time of the medium (a), original filter paper
(b), filter paper-g-PAA (c), and filter paper-g-PAA/Ag (d).
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original filter paper (b) and filter paper-g-PAA (c) perform
no antibacterial activity because the OD was almost the
same as that of the control of no filter existence (a). How-
ever, after surface functionalization by silver nanoparticles
the filter paper-g-PAA/Ag exhibits good antibacterial ac-
tivity as compared with the original filter paper and the
filter paper-g-PAA.

4 Conclusions

A novel method of fabricating antibacterial filter paper
using silver nanoparticles as the antibacterial agent was
demonstrated via surface-initiated ATRP technique. The
process involved (i) immobilization of initiators on the fil-
ter paper surfaces, (i) modification of the filter paper sur-
faces via covalent bonding of well-defined PtBA brushes
from surface-initiated ATRP of tBA, (iii) transferring the
grafting PtBA into PAA by hydrolyzation in the presence
of TFA, and (iv) chelating Ag* into the PAA brushes and
subsequently reducing it into silver nanoparticles in situ by
a reducing agent sodium borohydride. The silver nanopar-
ticles decorated filter papers were endowed with good an-
tibacterial ability against E. coli compared with the original
filter paper and PAA grafting filter paper.
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