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Low-temperature plasma is a powerful tool
for etching, thin-layer formation, surface
treatment, efc. in a dry process. Also in a liquid
phase, plasma exposure to vinyl monomers
leads to the linear polymerization of mono-
mers; this is plasma-induced (or initiated)
polymerization!. A technique called plasma-
induced graft polymerization is a combina-
tion of plasma surface treatment and plasma-
induced polymerization. The graft polymeriza-
tion of vinyl monomers is initiated from
plasma-treated solid surfaces. The mechanism
of graft polymerization is believed to be ra-
dical polymerization initiated by radicals on
the surface formed by plasma treatment. The
formation of radicals on polymeric materials
by plasma exposure is well-known,2~* and
plasma-induced graft polymerization, there-
fore, is not a new technique. This technique
has been widely applied to polymer films and
fibers.5 7

In this study, we tried this technique on
powders, which has not been reported yet,
probably because the handling of powders in
plasma apparatus is very difficult. The difficulty
comes from the nature of powders: very small
diameter and very large surface area. Besides,
powders tend to coagulate, which makes
uniform and efficient treatment more difficult.

Plasma / Graft Polymerization / Powders / Plasma-Induced

We have invented two types of plasma
reactors for powder treatment® !%; flask-
rotation type and vibration type. Using those
reactors, we obtained good results for the
improvement of the dispersibility of pig-
ments.® " 1° We used a modified flask-rotation-
type reactor for the plasma-induced graft
polymerization on powders. The ultimate goal
was the production of ready-dispersed pig-
ments for paint systems and various powders
that can be dispersed well in composite
materials.

EXPERIMENTAL

The reactor used was a modified flask-
rotation type shown in Figure 1, in which liquid

Pressure

Gas
cylinder

Figure 1. Schematic illustration of the apparatus used
for plasma-induced graft polymerization on powders.
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monomers are introduced into a flask after
plasma treatment of powders without breaking
the vacuum.

The powders used were organic and
inorganic pigments: titanium dioxide (TiO,,
rutile), quinacridone red (QR), and carbon
black (CB). The monomers were a mixture of
four vinyl monomers: methacrylic acid (MAA),
methyl methacrylate, ethyl acrylate, and
2-hydroxyethyl acrylate (1:3:3:3 in volume
ratio). The polymer of this monomer mixture
had a typical formula for a water-borne paint
system.

Radio-frequency (13.56 MHz) plasma was
made with oxygen gas inside the flask (500 ml)
where about 200 ml of powders had been
placed. During treatment, the flask was rotated
for uniform treatment. After plasma treatment,
20 ml of the monomer mixture were introduced
on the powders. The powder-monomer mix-
ture was kept at room temperature for three
days under vacuum.

Conversion of the monomer mixture to the
graft polymer was calculated by weight
difference of the product mixture before and
after heating at 105°C for 3h. Under this
condition, which is specified in the Japanese
Industrial Standard-K 5400, unreacted mono-
mers can be removed.

RESULTS AND DISCUSSION

Figure 2 shows the relationship between
graft-polymerization conversion and polym-
erization time on TiO,, QR, and CB. The
powders were treated with O, plasma of 100 W
at 67Pa for 60min. The polymerization time
was the period after the monomer mixture has
been introduced to the plasma-treated pow-
ders. As shown in this figure, the polymeri-
zation rate was very low, but the conversion
increased with polymerization time. This
low-temperature polymerization, a unique
feature of plasma-induced polymerization, is
particularly suitable for powders, because most
powders coagulate easily at elevated tempera-
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Figure 2. Graft-polymerization conversion of the mono-
mer mixture on O,-plasma-treated TiO,, QR, and CB.
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Figure 3. Dependence of graft-polymerization conver-
sion of the monomer mixture on O,-plasma treatment time
for TiO, and QR. Numbers in min denote plasma
treatment times.

ture. Since no polymer was found on powders
without plasma treatment, the polymerization
is believed to be initiated from the surface of
the plasma-treated powders. The active species
that initiate the polymerization must be
radicals because radicals are usually formed on
a surface by plasma exposure and monomers
are all radical-polymerizable vinyl monomers.
However, it is still unknown how O, plasma
created radicals on inorganic surfaces and what
kind of radicals are formed on the powder
surfaces.

Figure 3 shows the dependence of graft-
polymerization conversion of the monomer
mixture on plasma treatment time for TiO, and
QR. In plasma surface treatment, very short
plasma duration can alter surface properties
drastically, which is one of the great features
of the plasma technique. Therefore, treatment
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time is usually a less important factor than
other plasma conditions for surface properties.
In powder treatment, however, usually a much
longer treatment time is required.!® As shown
in Figure 3, the conversions on 15-min-treated
powders are far lower than those on corre-
sponding 60-min-treated ones, which suggests
that the formation of radicals never saturates
within 15-min plasma duration. There is clear
dependence of the plasma duration on the
polymerization rate. For more efficient graft
polymerization, probabily a period longer than
60min" is required. However, ideally, the
development of a more efficient plasma powder
treatment method is the primary object, which
will surely lead to more efficient graft po-
lymerization on powder surfaces.

This slow polymerization is very similar to
the plasma-induced polymerization of methyl
methacrylate,! in which living polymerization
takes place. The similarity, however, does not
necessarily imply that the graft polymer is a
living polymer. Since the polymerization is
initiated from the surface and there should be
many propagating radicals around the pow-
ders, termination will occur more -easily.
Therefore, it is rather natural to think that
the slow polymerization is due to the high
termination rate and possibly low initiation
rate. In the initiation of graft polymerization,
monomer molecules must contact the powder
surface. Therefore, affinity between them may
effect the graft polymerization rate.

We compared the graft-polymerization con-
version of MAA on O,- and NH;-plasma-
treated TiO, and QR. Polymerization conver-
sion after one day is indicated in Table 1. In
general, O,-plasma treatment creates acidic
functional groups and NH; plasma forms basic
groups on a surface. From the table, although
the polymerization of MAA was very slow,
conversions on NH;-plasma-treated powders
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Table 1. Graft-polymerization conversion
of MAA on O,- and NH;-plasma-treated
TiO, and QR
Graft-polymerization
conversion/%
TiO, QR
0O, plasma 2 5
NH, plasma 8 9

were greater than those on O,-plasma treated
ones. Since the monomer (MAA) is an acid, a
good acid—base interaction between the mono-
mer and the basic surface produced by NH;
plasma might have been attained, which helped
to initiate graft polymerization.

The plasma-induced graft polymerization
onto powder surfaces was achieved for the first
time in this study. We can see, however, there
is still some room to improve the plasma
treatment method of powders for more efficient
graft polymerization.
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