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ABSTRACT: We investigated the dyeing properties of polysiloxane networks formed on high-strength and high-
modulus polyethylene fiber after hydroxyl groups were introduced onto the fiber surface by chemical treatment. Hy-
drogen peroxide in o-xylene emulsion in a volume ratio of 1:10 was emulsified by sonication. The emulsion was found
to be effective for introduction of hydroxide groups onto the fiber surface. The introduced hydroxide groups reached
maximum levels by treatment for approximately 5 min at 80◦C. The treatment did not influence the tensile strength
of the fiber. Utilizing a polysiloxane network in conjunction with the strong fiber surface formed by treating with 3-
aminopropyltriethoxysilane (APS) solution, the dyeing properties of an anionic dye, C.I. Acid Blue 25 was examined.
The dyeing resulted in a bluish polyethylene fiber and the color depended upon the duration of treatment with the APS
solution. The method proposed in the present study can be used to dye a polyethylene fiber surface.

KEY WORDS Dyeing / Polyethylene Fiber / Surface Modification / Hydrogen Peroxide / Silane
Coupling Agent/ o-Xylene /

Compared with other existing fibers, high-strength
and high-modulus polyethylene fibers possess advan-
tageous characteristics such as light weight, low re-
sistance, chemical resistance, electrical insulation, and
wear resistance. Thus, these fibers have many poten-
tial uses. However, it is well known that the bonding
and dyeing of polyethylene are difficult processes be-
cause polyethylene is non-polar and highly crystalline.
The quantities of the high-strength and high-modulus
polyethylene are render it even more difficult to process
because of the extremely high crystallinity, which is
due to the high orientation of polyethylene chains. Al-
though various techniques such as plasma,1—20, 22—47

flame,48—51 chemical,52—62 and radiation,63—66 treat-
ments can activate polyethylene surfaces, these meth-
ods are difficult to apply as regards dyeing polyethy-
lene fibers, as dye molecules do not diffuse into high-
crystallized fibers.

Recently, we reported that a metal plate modified
with an amino alkyl silane coupling agent could bond
with a polyethylene plate in the presence of polyethy-
lene gels.67 In that study, we pointed out that polysilox-
ane networks formed on the metal surface under def-
inite conditions, and that the product has a flexible
structure and spaces favorable for the permeation of
polyethylene chains, which forms an effective adhe-
sive. Accordingly, polysiloxane networks formed from
silane coupling agents are expected to be useful, both in
the dyeing process, as well as in the field of diffusion.67

†To whom correspondence should be addressed.

In the present study, we investigated the dyeing
properties of polysiloxane networks formed on high-
strength and high-modulus polyethylene fiber after hy-
droxyl groups were introduced onto the fiber surface by
chemical treatment.

EXPERIMENTAL

Materials
High-strength and high-modulus polyethylene fiber

(TEKMILON NA310) with a diameter of 30 µm was
supplied by Mitsui Petrochemical Industry Corp. and
was used in the present experiments. Hydrogen perox-
ide and sulfuric acid of Wako reagent grade were used
as chemical reagents for the surface modification of the
polyethylene fiber. o-xylene of Wako reagent grade was
used as the adjunct reagent for the surface modification
of the polyethylene fiber. The silane-coupling agent
used for the surface treatment of the polyethylene fiber
was 3-aminopropyltriethoxysilane of Chisso Corp. C.I.
Acid Blue 25 (Mitsubishi Chemical Corp.), which was
used for the dyeing process, was purified by ordinal re-
crystallization before it was used.

Methods
Chemical Treatments for Introducing Hydroxide
Groups onto Polyethylene Fiber

Treatment solution 1: 30% hydrogen peroxide solu-
tion was used as the solution for the surface treatment.
The hydrogen peroxide solution of 30 mL was prepared
in a capped vessel in which 10 cm long polyethylene

509



H. FUJIMATSU et al.

fibers were immersed. The fibers were treated in a
thermobath controlled at 30◦C for a variety of dura-
tions from 0.5 to 64 min. The chemical and mechanical
properties of the treated fibers were measured after they
were rinsed in a stream of water.

Treatment solution 2: A hydrogen peroxide-sulfuric
acid mixture in a volume ratio of 1:1 was used as the
solution for the surface treatment. The polyethylene
fibers were immersed in 30 mL of the mixture, which
was kept at a controlled temperature of 30◦C for 1 h.

Treatment solution 3: A hydrogen peroxide in o-
xylene emulsion in a volume ratio of 1:10 was used
as the solution for the surface treatment. 30 mL of o-
xylene-hydrogen peroxide mixture in a volume ratio of
10:1 was sonicated for 3 min using a Shimadzu ultra-
sonic disintegrater USP-300 . The polyethylene fibers
were immersed in 30 mL of the emulsion, which was
kept at 80◦C for 1 h.

Chemical Treatment for forming a Siloxane Network on
a Polyethylene Fiber Surface

A 1.0 vol% APS solution, in which the solvent
was water-ethanol mixture (the ethanol to water ra-
tio was equal to a volume ratio of 7:3), was used for
forming a siloxane network on polyethylene fiber sur-
face. Polyethylene fibers were treated with the solution,
which was kept at 30◦C for durations ranging from 10
min to 180 min. The treated polyethylene fibers were
rinsed with a stream of water before subsequent pro-
cessing.

ATR-FT-IR Measurement
To examine whether or not desired functional groups

were introduced onto a polyethylene fiber, an ATR-FT-
IR measurement was carried out. The apparatus used
for the measurement was a Nicolet OMNI-Sampler.

Measurement of Mechanical Properties
Mechanical properties of polyethylene fibers treated

with hydrogen peroxide solution were measured using
a Shimadzu AUTO GRAPH AGS-5kND, at a tensile
speed of 10 mm min−1.

Dyeing
C.I. Acid Blue 25 was dissolved in water until the

solution was saturated. Acetic acid was added in small
amounts to the solution. Polyethylene fibers that have
been modified with the APS solution were then dyed at
80◦C for 30 min. To remove the dye that had adhered
to the fiber surface, the polyethylene fibers were rinsed
with flowing water after they had been dyed.

Figure 1. ATR-FT-IR spectra of linear low-density polyethy-
lene film and polyethylene fiber treated with hydrogen peroxide-
sulfuric acid mixture in a volume ratio of 1:1 for 1 h at 30◦C.

ATR-Visible Spectra Measurement
To examine the dyeing properties of polyethylene

fibers, ATR-visible spectra were measured using a Shi-
madzu Multi-Purpose Spectrophotometer MPS-2000,
which was equipped with a mirror reflection-type ATR
apparatus.

RESULTS AND DISCUSSION

Introduction of Hydroxide Groups on a Polyethylene
Fiber Surface

To examine where the FT-IR spectrum change occurs
when hydroxide groups are introduced onto polyethy-
lene fibers, FT-IR measurement of polyvinyl alcohol
film, having the structure of added hydroxide groups
on polyvinyl chains, was first carried out. From the ob-
tained spectrum, the absorbance band assigned to the
O–H stretching vibration was observed as a broad peak
centered at 3320 cm−1,75 as shown in Figure 1. Accord-
ingly, subsequent experiments were carried out with a
focus on the band in the vicinity of 3320 cm−1.

In ATR-FT-IR spectra of polyethylene fibers treated
with hydrogen peroxide solution, a band in the vicin-
ity of 3320 cm−1 was not observed, even in the spec-
tra of polyethylene fibers treated for 60 min. This in-
dicates that the introduction of hydroxide groups onto
polyethylene fiber is difficult via this method.

Subsequently, a strong oxidizing agent was used to
treat the fiber surface; for this agent sulfuric acid was
added to hydrogen peroxide in place of hydroxide solu-
tion. This method has been used for modifying the sur-
face of polyethylene moldings and films.52—62 The ef-
fect of this treatment was also examined in the presence
of an unoriented linear low-density polyethylene film.
The results are shown in Figure 1. For the polyethy-
lene film, a band in the vicinity of 3320 cm−1 is eas-

510 Polym. J., Vol. 33, No. 7, 2001

film 

4000 3000 2000 1000 

Wavenumber/ cm-1 



Modification of Polyethylene Fiber Surface for Dyeing

Figure 2. ATR-FT-IR spectra of polyethylene fibers treated
with o-xylene-hydrogen peroxide emulsion in a volume ratio of
10:1 at 80◦C for a variety of durations.

ily observed. However, in the case of the polyethy-
lene fiber, evidence for the introduction of a hydrox-
ide group could not be confirmed. These results indi-
cate that the mixture that added sulfuric acid to hydro-
gen peroxide is ineffective on treating highly oriented
polyethylene fibers, although it does act effectively as a
strong oxidizing agent of the polyethylene film surface.

These findings suggest that if the highly orientated
polyethylene chain on the polyethylene fiber surface
is disoriented, then hydroxide groups may be intro-
duced on the polyethylene fiber surface, as well as on
polyethylene film.

A solution of this problem presented itself on the
basis of information obtained from our previous stud-
ies68—74 of polyethylene gels. When polyethylene
and a solvent coexist, a melting point depression of
the polyethylene is induced. A similar effect may
be expected to occur even for high-strength and high-
modulus polyethylene fiber. In the present study, it was
sufficient to partially swell the polyethylene fiber sur-
face. Then, a o-xylene-hydrogen peroxide mixture was
prepared so that the oxidation reaction of the polyethy-
lene fiber surface was allowed to proceed in conjunc-
tion with simultaneous swelling. However, since hy-
drogen peroxide is immiscible with o-xylene, the mix-
ture remained separated unless further treatment was
initiated. Accordingly, the mixture was emulsified by
the ultrasonic method. o-Xylene-hydrogen peroxide
mixture in a volume ratio of 10:1 was determined as the
mixture having the maximum ratio, at which hydrogen
peroxide can be contained in o-xylene without the sep-
aration of liquids occurring during treatment at 80◦C.
The resulting ATR-FT-IR spectra are shown in Figure 2.
A broad peak centered at 3320 cm−1 assigned to the
O–H stretching vibration was clearly observed, even
when the mixture was treated for 5 min. To clarify the
time dependence of the introduced amount of hydrox-

Figure 3. Treatment time dependence of the absorbance at
3320 cm−1 in ATR-FT-IR spectra of polyethylene fibers treated with
o-xylene-hydrogen peroxide emulsion in a volume ratio of 10:1 at
80◦C.

Figure 4. Treatment time dependence of the tensile strength of
polyethylene fibers treated with o-xylene-hydrogen peroxide emul-
sion in a volume ratio of 10:1 at 80◦C.

ide, the values of absorbance at 3320 cm−1 were plotted
against the treatment time, as shown in Figure 3. The
absorbance increased rapidly, and decreased gradually
through the maximum value at around 10 min of treat-
ment time. The results demonstrate that the introduc-
tion of a hydroxide group onto the polyethylene fiber
surface attained saturation at approximately 10 min.

Mechanical Properties of Polyethylene Fiber Treated
with o-Xylene-hydrogen Peroxide Mixture

To examine the influence of the above chemical
treatment on the mechanical properties of polyethylene
fiber, the tensile strength of the fiber product was mea-
sured. The results are given in Figure 4. The tensile
strength remained at its initial value up to at least 5
min of treatment, and after that time, it tended to de-
crease somewhat with an increase in treatment dura-
tion. Changes in tensile strength behavior are consid-
ered to reflect changes in the polyethylene fiber surface
due to chemical treatment. Taking into account the re-
sults, the optimum reaction conditions for introducing a
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Figure 5. ATR-FT-IR spectra of polyethylene fibers treated
with 1.0 vol% APS solution kept at 30◦C for a variety of durations.

hydroxide group onto polyethylene fiber surface, with-
out a reduction of tensile strength, was determined to
be 5 min at 80◦C.

Formation of a Siloxane Network on a Polyethylene
Fiber Surface by Treatment with APS Solution

ATR-FT-IR spectra of polyethylene fibers treated
with 1.0 vol% APS solution for various amounts of
time are shown in Figure 5. As the absorbance band
assigned to the Si–O–Si stretching vibration was ob-
served as a broad peak centered at 1136 cm−1,75 it was
apparent that a polysiloxane structure had been formed
on the polyethylene fiber surface. To clarify the time
dependence of the formed amount of siloxane bond-
ing, the values of absorbance at 1136 cm−1 were plotted
against treatment time, as shown in Figure 6. The ab-
sorbance increased with treatment time, and decreased
through a maximum in the vicinity of 90 min. These re-
sults demonstrate that treatment for 90 min leads to the
highest density of siloxane bonding to the polyethylene
fiber.

Dyeing Properties of Polyethylene Fibers Treated with
APS Solution

Polyethylene fibers treated under the conditions de-
scribed above were dyed in C.I. Acid Blue 25 aqueous
solution at 80◦C for 30 min. Each fiber was clearly
dyed blue. To clarify differences in dyeing these fibers,
ATR-visible spectra were measured. The absorbance
at the maximum absorption wavelength of the dye was
plotted against the time of treatment with APS solution,
as shown in Figure 7. The relative absorbance differ-
ences can be seen in Figure 7, although the quantita-
tive values are ambiguous. The absorbance curve was
found to have a maximum in the vicinity of 50 min,
which was within the range of this experiment. The
results regarding the maximum time are in disagree-
ment with those of the absorbance curve for the Si–O–
Si band. This finding suggests that a siloxane network,

Figure 6. Treatment time dependence of the absorbance at
1136 cm−1 in ATR-FT-IR spectra of polyethylene fibers treated with
1.0 vol% APS solution at 30◦C.

Figure 7. Relationship between absorbance at 600 nm in ATR-
visible spectra of polyethylene fibers dyed with C.I. Acid Blue 25
and the time treated with 1.0 vol% APS solution at 30◦C.

formed by treating the mixture with APS solution, in-
fluences the dyeing properties of the fiber. Details con-
cerning the relationship between dyeing properties and
the structure of the siloxane network need to be inves-
tigated further.
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