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Antibacterial activated carbon fibre derived
from phenolic resin fibre by use of
co-graftpolymerization
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Phenolic-resin fibre was co-graftpolymerized with methyl methacrylate and methacrylic acid.
The weight of the fibre increased by 26% after grafting. The grafted fibre was soaked in silver-
nitrate solution to introduce silver ion on methacrylic acid in the graft by an ion-exchange
reaction, followed by carbonization at 900 °C for 30 min under a nitrogen stream and activa-
tion at 900 °C under a steam stream. After activation for 40 min, the resuiting fibre showed a
silver content of 8.3 wt% a specific surface area of 1300 m?g ' and antimicrobial activity
against Staphylococcus aureus and Escherichia coli. The average crystallite size of the silver in
this fibre was 30 nm, which suggests co-graftpolymerization is a useful technique to disperse
fine silver particles in the activated carbon fibre. After soaking in flowing tap water for 10 and

20 days, this activated carbon fibre lost about b0 wt% of silver but kept its antibacterial

activity.

1. Introduction

Fine silver particles have strong antibacterial activity
[1, 2]. The present authors have reported on antibac-
terial activated carbon fibres containing finely dis-
persed silver particles [3]. Such a dispersion state was
attained by mixing both methanol solutions of silver
nitrate and spinnable phenolic resin. Since antibacter-
1al activity i1s generally enhanced by decreasing the
silver-particle size, the authors are interested in deve-
loping a new technique to disperse fine silver particles
in activated carbon fibre.

Tizuka et al. [4] have found that activated carbon
fibre is prepared favourably from methyl methacrylate
(MMA) grafted-phenolic resin fibre. However, Ag*
cannot usually be introduced into this graft by an ion-
exchange reaction, whereas ~COOH in methacrylic
acid (MAA) is easily ion-exchanged by Ag™ to convert
to -COOAg. So, we thought to co-graftpolymerize the
mixture of MAA and MMA into the phenolic-resin
fibre and then introduce Ag™ into the MAA part of
the graft by an ion-exchange reaction. The purpose of
the present work is to examine whether or not this
technique is useful in preparing antibacterial activated
carbon fibre, especially from the standpoint of the
dispersion of silver particles.

* All correspondence should to be addressed to A. Oya
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2. Experimental procedure

2.1. Materials

The phenolic resin fibre (average diameter, 14 um)
used was the flame-resistant Kynol fibre produced
commercially by the Gun-ci Chemical Company Lid.,
further details have been described elsewhere [5-7].
The MMA and MAA were chemical grade and they
were used after removal of hydroquinone as a polym-
erization inhibitor by using activated alumina. The
other chemicals are all chemical grade.

2.2. Preparation procedures

A mixture of MMA and MAA (3:2 by volume ratio)
was blended with an equal volume of methanol. The
phenolic-resin fibre was soaked in a large excess of the
resulting solution for one day at room temperature;
this was followed by wringing to remain the solution
of four-hold weight of the fibre. Next, the fibre was
irradiated with an electron beam (3 MeV, 1 mA) Ly
200 kGy at room temperature under nitrogen. The
fibre was then washed with a mixture of methanol and
tetrahydrofuran (1:1 by volume ratio) to remove the
ungrafted fractions and dryed under vacuum. Finally
the fibre was soaked in a large amount of silver nitrate
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solution (I moll™!) at room temperature for one day
to introduce Ag® by an ion-exchange reaction, wa-
shed with deionized water and then dried under
vacuum.

The grafted fibre (GF) was carbonized at 900 °C for
30min under a stream of nitrogen. The carbonized
fibre (CF) was further activated at 900°C for 10 min
and 40 min under a stream of steam (the partial pre-
ssure of steam was ca. 30%). They are denoted by
ACF-10 and ACF-40 respectively, in this paper.

2.3. Measurements

Powder X-ray diffraction (XRD) was undertaken by
using Ni-filtered CuK,, radiation. A transmission elec-
tron microscopy (TEM) and an electron probe
X-ray microanalyser (EPMA) were used to observe
the physical state of silver in the fibre. The silver
content in the fibre was measured by an Inductively
Coupled Plasma (ICP) emission spectroscopy. Here
the fibre was burned and the residue was dissolved in
nitric acid. The Brunauer-Emmett-Teller (BET) speci-
fic surface area was measured by a one-point method
using the adsorption isotherm of N, at 77 K. Mechan-
ical testing of the fibre was performed on an Instron
testing machine wusing a cross-head speed of
0.2cmmin~* and a gauge length of 2.5 cm. Antibac-
terial tests against Staphylococcus aureus and Escheri-
chia coli were conducted by the halo method (further
details were reported elsewhere [ 1, 2. From the prac-

tical point of view, the fibre was finally subjected to an
effusion test; that is, the antibacterial activity and the
silver content of the fibre were examined after soaking
in flowing tap water for 10 and 20 days.

3. Results
3.1. Carbonization and activation yields, Ag
content, surface area and tensile strength
The weight of the phenolic resin fibre increased by
264wt % after co-graftpolymerization. As shown in
Table I, the GF showed 65wt % and 33 wt % yields
after carbonization and 40min activation, respect-
ively. The Ag content increased from 3.6 wt % for the
GF to 5.2 wt % and 8.3 wt % for the CF and the ACF-
40. The ACF-40 exhibited a specific surface area of
1300 m2g™*. The tensile strength of the CF lowered
remarkably after activation. The commercially avail-
able phenolic resin-based ACF with a 9-10 um diam-
cter and a specific surface area of 1500m?g~! had a
tensile strength of 400 M Pa. The fibres before and after
activation showed antibacterial activity against both
types of bacteria.

3.2. SEM observation

Fig. 1 shows scanning electron microscopy (SEM)
photographs of the fibre surfaces. The CF has a
smooth surface, though with some dusts attached.
Fine pores appeared in the ACF-10 and grew in the

Figure | SEM photographs of the fibre surfaces at various stages: (a) CF, (b) ACF-10, and (c) ACF-40.

TABLE I Properties of the fibres

Yield Ag content Surface Tensile Antibacterial activity
(wt %) (wt %) area (m?g™ ) strength (MPa)
E. Coli S. Aureus
GF 100 3.6
CF 65 5.2 20 530 active active
ACF-10 60 5.5 210 200 active active
ACF-40 33 8.3 1300 190 active active
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Figure 2 XRD profiles of the fibres at various stages: (O) Ag metal.

ACF-40. These pores must be formed by selective
gasification catalysed by impurities on the surface.

3.3. X-ray diffraction

Fig. 2 shows the powder XRD profiles. Peaks of silver
metal appeared in the CF and strengthened with
proceeding activation. Sherrer’s equation using a half
band width of the (1 11) diffraction peak around 38°
gave silver crystallite sizes of 14, 24 and 30 nm for the
CF, the ACF-10 and the ACF-40, respectively.

3.4. TEM observation and EPMA

TEM photographs of the fibres are shown in Fig. 3.
Many silver particles with sizes around 10nm were
observed in the CF. The silver particles grew some-
what in the ACF-10 and grew remarkably in the ACF-
40. The largest reached about 150 nm. Fig. 4 is a SEM
and an EPMA photograph of the CF. It is clear that
the silver particles dispersed homogeneously through-
out the fibre.

(a) SHOPNINE )

Figure 4 (a) SEM photograph, and (b) AgK, image of the car-
bonized fibre (CF).

TABLE II Ag content and antibacterial activity before and after
the effusion test

Soaking time Ag content  Antibacterial activity
(days) (Wt %)
E. Coli S. Aureus
CF 0 5.2 active active
10 5.0 active active
20 3.6 active active
ACF-10 0 5.5 active active
10 59 active active
20 2.9 active active
ACF-40 0 83 active active
10 41 active active
20 6.4 active active

3.5. Effusion test

Table II shows the silver content and antibacterial
activity of the fibres after the effusion test. Although
Table IT shows some scatter, the removal of a rela-
tively large amount of silver during soaking is real.
After the effusion test, all fibres exhibited antibacterial
activity against both types of bacteria.

Figure 3 TEM photographs of the fibres at various stages: (a) CF, (b) ACF-10, and (c) ACF~40.
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4. Discussion

The present authors are interested in preparing activa-
ted carbon fibres containing finely dispersed silver
particles which exhibit strong antibacterial activity. As
noted above, the antibacterial activated carbon fibre
(AACF) has been previously prepared from the phen-
olic resin containing finely dispersed AgINO; [3]. The
resulting carbonized fibre showed 0.67 wt % Ag and a
specific surface area of 16 m? g~ !, After activation for
10min and 60 min using the same method as used
here, these values changed to 0.69wt% and
280m? g~ !, and 2.20 wt % and 1940 m? g~ 1. Crystal-
lite sizes of silver increased from 38nm after car-
bonization to 51nm and 52nm after activation for
10min and 40min respectively. It is reasonable to
consider that, in general, silver particles grow more
favourably in fibres with a higher Ag content by
heating. The carbonized fibre in the present work has
a five times larger Ag content than in previous work
[3]. Nevertheless, the former contained smaller silver
crystallites. This suggests that co-graftpolymerization
is a useful technique to disperse fine silver particles in
the ACF.

However, the difference between the crystallite sizes
of silver in the fibres in the previous and present works
became smaller as carbonization and activation proc-
eeded, which is reasonably explained by a preferential
growth of silver crystallite in fibres with larger Ag
content. Therefore, the co-graftpolymerized phenolic-
resin fibre must be carbonized and activated at as low
a temperature and in as short a time as possible in
order to keep the fine silver particles in the ACF.

Another point to be noticed is that the AACF
prepared in the present work has too large a silver
content for practical use. Antibacterial activity is nee-
ded in the ACF but not in the CF. As suggested from
the results of the effusion test, AACF with a high Ag
content may cause pollution by the released silver.
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The fractional ratio of MAA in the graft was not
determined. However, since only MAA can ion-ex-
change with Ag™, it is possible to deduce Ag content in
the fibre by lowering the ratio of MAA in the
MAA-MMA mixed solution, which means a large
fractional part of MMA. The MMA-grafted phenolic-
resin fibre favour the preparation of ACFs with a large
surface area [4]. Another method to deduce Ag con-
tent is to shorten the soaking time of the GF in the
MAA-MMA mixed solution. However, this may res-
ult in the supporting of silver only the fibre surface.
These studies are now in progress.
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