
ORIGINAL CONTRIBUTION

Surface modification of PET films by atmospheric pressure
plasma exposure with three reactive gas sources

Keiko Gotoh & Yasuyuki Kobayashi & Akemi Yasukawa &

Yuki Ishigami

Received: 27 July 2011 /Accepted: 27 January 2012 /Published online: 7 March 2012
# Springer-Verlag 2012

Abstract The surface modification of poly (ethylene tere-
phthalate) (PET) film was carried out using an atmospheric
pressure plasma (APP) jet device with three reactive gases:
air, N2, and Ar. The water contact angles on the PET film
were found to decrease considerably after the APP expo-
sure. The changes in the advancing and receding contact
angles of water on the APP-exposed PET film with aging
time were examined by the wetting force measurements
employing the Wilhelmy method. The hydrophobic recov-
ery due to the rinsing with water as well as the aging in air
was observed only for the advancing angle, which was
probably caused by the dissolution of low molecular weight
oxidized materials into water, the loss of volatile oxidized
species to the atmosphere and the reorientation and the
migration of polymer chains. The wettability and the surface
free energy of the APP-exposed PET film after diminishing
hydrophobic recovery was sufficiently large compared with
the untreated film. X-ray photoelectron spectroscopy con-
firmed that the PET film surface was oxidized due to the
APP exposure. When N2 gas was used for the APP

exposure, the surface nitrogen concentration was found to
increase with decreasing D. The surface oxygen concentra-
tion on the APP-exposed PET film was reduced by rinsing
with water, in accordance with the hydrophobic recovery
behavior. From atomic force microscopy, surface topograph-
ical change due to the APP exposure was observed. The
changes in the PET surface properties due to the APP
exposure as mentioned above were remarkable for using
N2 gas.

Keywords Polymer surface modification . Atmospheric
pressure plasma . Contact angle .Wettability . Surface free
energy . X-ray photoelectron spectroscopy . Atomic force
microscopy

Introduction

Poly (ethylene terephthalate), PET, which possesses superi-
or strength and resilience, a good impact resistance and
outstanding processability, has been mainly used in manu-
facturing synthetic films and sheets for making food pack-
aging materials, biomaterials, electronic substrates, etc. In
addition, fibrous PET has been most widely used for textiles
such as apparel wearing, curtain, and carpet. However, PET
is chemically inert and requires a pretreatment step before
adhesive bonding or painting in various industrial fields.
Therefore, the modification and control of the surface prop-
erties of PET is a research topic for materials processing in
the last decades. The oxidation and the etching of the PET
surface have been attempt by the dry processes such as UV
radiation [1–6] and plasma exposure [7–10], which produce
no toxic or hazardous liquids from the treatment processes.

Recently, there has been an intense development in cold
plasma surface processing systems at atmospheric pressure,
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which overcome the disadvantages of vacuum environment
and the associated high cost [11–14]. Atmospheric pressure
plasmas with various gases and gas mixtures can produce a
number of high-density active species such as electrons, free
radicals, ions, and photons [15, 16]. Bárdos and Baránková
[14] have described the difference between low-pressure
and atmospheric pressure plasmas and reviewed limitation
and new abilities of atmospheric pressure plasma. Atmo-
spheric pressure plasma (APP) jet devices have attracted
significant attention [17–21] because they generate plasma
plumes in open space, have no limitations on the sizes of the
objects to be treated, and can achieve continuous in-line
material processing at high speed. Schütze et al. [17] have
reported that the APP jet exhibits the great similarity to a
low-pressure glow discharge compared with other plasmas
and can be used in a number of materials applications that
are now limited to vacuum.

In the last decade, many investigations of polymer sur-
face modification by the APP treatment have been carried
out [22–30]. Most of these studies have been performed
using non-jet-type plasma equipment, and hence there is
still much left to be studied hereafter about the effects of
the APP jet-exposure conditions on the characteristics of the
treated surface. Moreover, the wettability of the treated
surface has been discussed in terms of the advancing contact
angle of water measured by the sessile drop method. The
receding contact angle corresponding to the intrinsic contact
angle on the treated surface region [31] has not been exam-
ined. Chemical analysis of the treated surface has been
mainly carried out by X-ray photoelectron spectroscopy
(XPS). However, XPS analysis of polymer surfaces is some-
times insufficient in distinguishing between the functional
groups with small chemical shift difference [32]. Therefore,
there is not enough of the necessary basic data with respect
to the APP jet treatment of the PET surface.

In the present paper, the modification of the PET film
surface was performed using an APP jet device with three
different reactive gas sources: air, N2, and Ar. In the dry
processing such as plasma treatment, there is a serious
problem on the stability of the treated surface [31]. There-
fore, the change in the wettability due to the APP exposure
and the subsequent aging in air was determined by the
Wilhelmy technique, which enabled us to measure high-
precision advancing and receding contact angles calculated
from the wetting force [33]. Surface characterization with
respect to the chemical composition and the roughness was
carried out by the XPS and atomic force microscopy (AFM),
respectively. For semiquantitative estimation of functional
groups on the treated PET film, the derivatization technique
in conjunction with XPS was used [32, 34]. The effect of
reactive gas source on the experimentally determined sur-
face characteristics of the APP-exposed PET film was
discussed.

Experimental

Materials

Biaxially oriented PET film with 188 μm in thickness
(EMBLET SA-188, Unitika, Japan) was used in the present
study. Before use, the PET film was ultrasonically cleaned
twice in water.

Water, diiodomethane, ethylene glycol, and n-pentane
were used for the contact angle measurement. The carboxyl
derivatization of the PET film was carried out using trifluor-
oethanol (TFE), pyridine, and dicyclohexylcarbodiimide
(DCC). All chemicals were extrapure grade reagents and
were used without further purification. The water was puri-
fied (resistivity of 18 MΩcm) using a Direct-Q UVapparatus
(Millipore, MA, USA).

Atomospheric pressure plasma exposure

The APP exposure was performed using a plasma pretreat-
ment equipment (Plasmatreat GmbH, Germany) consisting
of a plasma generator (FG1001), a high-voltage transformer
(HTR1001), and a rotating nozzle jet (RD1004). The APP
was generated by means of a high-voltage discharge inside
the nozzle jet coupled to the stepped high-frequency pulse
current power supply (plasma generator) [35]. The reactive
gases used were air, N2, and Ar, which were regulated; the
pressure and the flow rate to be 0.3 MPa and 20>30 l/min,
respectively, at room temperature. The plasma nozzle, from
which a jet of 20 mm in diameter was emitted, was set
vertically. The film surface was horizontally displaced from
the nozzle at a separation distance, D, which was varied
between 5 and 30 mm. During the exposure, the film was
reciprocated in the horizontal direction at 0.16 m/s (total
exposure time: 0.25 s), which were chosen as uniformly
treatable conditions with references to the experimental
results in the previous paper [31].

The PET filmwas cut off in about 0.5 mm inwidth and was
exposed to the APP jet on both sides for the measurement by
the Wilhelmy method. For the other measurements, the APP
jet was exposed to only one side of the film of 15mm inwidth.
After the exposure, the PET films were stored in a desiccator
maintained at 20±1 °C and 30±2%RH.

Contact angle measurements

To examine the dependence of D on the contact angle, the
sessile drop experiment was carried out using a video contact
angle system equipped with a CCD camera (VCA-2500, AST
Products, USA). After placing 2–3 μl water drop on the PET
film surface, the drop image was stored in a computer every
second for a duration of 30 s and the contact angle was
determined automatically.
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Figure 1 shows the changes in the water contact angles
on the PET films before and after the APP exposure with
time. In the initial stage, the angle gradually decreased
linearly with time and therefore the contact angle at 1 s
was obtained as the approximate value of the advancing
contact angle [36]. Water drops were individually placed
on 20 different locations on the same PET film sample (15×
50 mm) and the arithmetic mean contact angle per sample
was obtained.

The advancing and receding contact angles on the PET film
were examined by the Wilhelmy technique using an electro-
balance (Model C-2000, Cahn Instruments Inc., USA) and a
stepping motor (MP-20 L, MICOS, Germany). A PET film
(about 0.5 mm in width and 10 mm in length) was suspended
from the arm of the electrobalance and a beaker containing
liquid was placed just below the PET film. A continuous
weight recording during immersion–emersion cycles was
obtained at the moving velocity of the PET/water/air three-
phase line of 0.3 mm/min [33].

Figure 2 shows the typical weight recordings of the PET
films before and after the APP exposure. The points “a”,
“b”, and “c” show the moments when the water surface
touched the lower edge of the film, when the direction of
the motion of the water surface was reversed and when the
water surface was separated from the lower edge of the film,

respectively. The changes in weight at the points “a” and “c”
correspond to the advancing and receding wetting forces,
respectively. For the untreated PET film, the reproducible
weight recording was obtained for the first and the second
runs. After the APP exposure, considerable increases in both
advancing and receding wetting forces were observed. The
advancing and receding contact angles were calculated from
the advancing and receding wetting forces, respectively,
using the Wilhelmy relation [37] and the effective perimeter
of the film calculated from the wetting force at the n-
pentane/air interface.

Contact angle measurements were carried out in a room
maintained at 20±1 °C and 65%RH.

Determination of surface free energy

The components of the surface free energy of the PET film
were determined by the contact angle measurements with
three probe liquids, water, diiodomethane, and ethylene
glycol, by the Wilhelmy method. The Lifshitz-van der
Waals component and the Lewis acid and base parameters
were calculated by substituting the measured advancing con-
tact angles of the probe liquids and their referential surface
free energy components into the van Oss-Chaudhury-Good
equation [38].

X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) analysis was car-
ried out using an Axis-Ultra DLD spectrometer (Kratos,
UK) using monochromated Al Kα radiation at 1486.7 eV
(120 W) with charge neutralization. Survey spectra and
high-resolution spectra of the core levels of C1s, N1s, and
O1s were acquired with a pass energy of 80 and 20 eV,
respectively, and a slot aperture (0.8×2.0 mm). Spectra were
collected at a photoelectron take-off angle of 90°. The
pressure in the analytical chamber was maintained around
10−8 Pa. All XPS binding energies were referenced to the
C1s peak of adventitious carbon at a binding energy of

Fig. 2 Weight recordings
at the water/air interface for
PET films untreated (A)
and exposed to APP
(D07 mm) with N2 gas (B)

Fig. 1 Change in water contact angle, θ, with time after placing a water
drop on PET films untreated and exposed to APP (D07 mm) with N2 gas
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284.8 eV. The collected spectra were deconvoluted with a
Gaussian–Lorenzian approximation after Shirley background
subtraction using Vision 2 software.

Detection of carboxyl group on polymer surface was
carried out by derivatization technique. Carboxyl derivati-
zation of the PET film untreated and exposed to APP with
N2 gas prior to the XPS analysis was performed by the
vapor-phase derivatization reaction [34]. The PET samples
placed on a glass slide and a multiple-dose container con-
taining TFE (200 mg), pyridine (320 μl) and DCC (50 mg)
were injected into the 100 ml perfluoroalkyoxy-polymer
vessel. The vessel was then sealed and the reaction was
allowed to proceed at 65 °C for 8 h.

Atomic force microscopy

The atomic force microscopy images were collected using a
Nanoscope IIIa (Digital Instruments, USA) in a tapping
mode. The surface roughness parameters, root mean square
roughness, average roughness, and maximum roughness

depth, were determined from the images obtained in a 1×
1 μm area.

Results and discussion

Effect of exposure distance on contact angle

Figure 3 shows the effect of the distance between the nozzle
jet and the PET film, D, on the water contact angles on the
PET films exposed to APP with air, nitrogen gas, and argon
gas, which were determined by the sessile drop and the
Wilhelmy methods. For all reactive gas sources, the advanc-
ing angles determined by the Wilhelmy method, which were
in good agreement with the sessile drop angles, were found
to decrease with decreasing D. For the APP exposure with
air and N2 gas, the advancing angles increased again at D0

5 mm. This may be caused by partial melting of the PET
film at high temperature because the sample for the Wil-
helmy method was cut off to a fine strip prior to the APP

Fig. 4 Effect of aging time on advancing and receding contact angles of water, θa and θr, respectively, on PET films exposed to APP (D07 mm)
with air (A), N2 gas (B), and Ar gas (C). The contact angles are determined from the first and second runs of the weight recording

Fig. 3 Advancing and receding contact angles of water, θa and θr, respectively, on PET films exposed to APP with air (A), N2 gas (B), and Ar gas
(C) as a function of the distance between the nozzle jet and the film surface, D
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exposure. The optimum D to enhance hydrophilic nature of
the PET filmwas considered to be 7 mm, where the advancing
contact angles were in the following order: N2 gas < air < Ar
gas. Surprisingly, the receding angle was almost the same
(~20°), independent of D and gas source.

Stability of the wettability after the APP exposure

In general, the stability of the treated surface is very desirable
in the surface modification. The changes in the advancing and
receding contact angles of water on the APP-exposed (D0

7 mm) PET film with aging time are shown in Fig. 4. For any
gas source, the advancing angles obtained from second run of
the weight recording were about 20° higher than those from
the first run. This is probably caused by dissolution of low
molecular weight oxidized materials (LMWOM) [39–42] on
the APP-exposed PETsurface into water during the first run of
the wetting force measurement. In other words, the advancing
contact angles obtained from the first and second runs are
corresponding to those on the APP-exposed PET film with
and without the hydrophilic LMWOM, respectively. In both
cases, the advancing angles increased with aging time,

Fig. 6 XPS survey spectra (A)
and C1s, O1s, and N1s narrow
spectra (B, C, and D,
respectively) for PET films
untreated and exposed to APP
(D07 mm) with N2 gas. The
APP-exposed films are aged for
1 week
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probably due to the loss of volatile oxidized species to the
atmosphere and the reorientation and the migration of polymer
chains in the PET surface layer [43, 44]. Such hydrophobic
recovery almost disappeared within several days.

Surprisingly, the receding contact angles showed almost
a constant value (~20°), independent of the existence of
LMWOM and the aging in air. Such difference in the hy-
drophobic recovery behavior between the advancing and
receding contact angles can be explained on the basis of
the calculation on the model heterogeneous surface consist-
ing of two regions having different intrinsic contact angles
by Johnson and Dettre [31, 45, 46].

Change in surface chemical composition
due to plasma exposure

Figures 5A shows surface elemental composition obtained
from XPS survey spectra for the PET films untreated and
APP-exposed (D07 mm) with air, N2 gas, and Ar gas. For
the untreated PET film, the O/C ratio was 0.36, in fairly
agreement with the theoretical values from the chemical

structure (0.4 [47]) and the experimental value of Mylar™
PET film (0.39 [7]). After the APP exposure (aging time of
1 week), the oxygen concentration increased by several% with
any gas source and 1–2% nitrogen was detected with air and
N2. The oxygen and nitrogen concentrations on APP-exposed
PET was in the following order: N2 gas < air < Ar gas, which
was not in contradiction with the advancing contact angles
1 week after the APP exposure (see Fig. 4). Unexpectedly,
the XPS results indicate that the atoms incorporated into the
PET surface by the APP exposure are not consistent precisely
with reactive gas species.

Lommatzsch et al. [48] have pointed out the possibilities of
diffusion of oxygen or water vapor into the plasma jet and
subsequent incorporation into the polymer surface. Therefore,
the activation mechanism for the APP jet needs to be taken into
account not only plasma-surface reaction but also post-plasma
processes with ambient gas atmosphere. To confirm this ex-
perimentally, the APP exposure with N2 gas was carried out at
various separation distances between the nozzle jet and the
PET film surface. Although the oxygen concentrations after the
APP exposure were almost the same, the nitrogen concentra-
tion was found to increase with decreasing separation distance
(Fig. 5B). Therefore, it is considered that the above plasma-
surface reaction can enhance in the vicinity of the nozzle jet.

Figure 6 illustrates the survey spectra and the high-
resolution C1s, O1s, and N1s spectra for the PET film before
and after the APP exposure with N2 gas (D07). It was clearly
observed from the survey spectra (Fig. 6A) that the peak ratio
of O1s to C1s considerably increased and the N1s peak
appeared after the APP exposure. The curve fitting of C1s
and O1s spectra (Fig. 6B and C, respectively) revealed the
increases in C–O and O–C0O and the increase in O–C, respec-
tively, due to the APP exposure. The results suggest that the
oxygen containing functional groups were introduced to the
PET surface by the APP exposure. In Fig. 6D, the N1s peak
around 400 eV may be attributed to NH2 and nitrile [48].

The high-resolution F1s spectrum of TFE-derivatized PET
(APP exposure sample) is illustrated in Fig. 7 in comparison

Fig. 7 XPS F1s narrow spectra for TFE-derivatized PET films un-
treated and exposed to APP (D07 mm) with N2 gas. The APP-exposed
films are aged for 1 week
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Fig. 8 Atomic concentrations obtained from XPS survey spectra (A) and surface chemical compositions from XPS C1s core level spectra (B) for
PET films untreated and exposed to APP (D07 mm) with N2 gas. The APP-exposed films are aged for 1 day or 1 week
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with the TFE-derivatized PET (untreated sample). The appear-
ance of an F1s peak after the APP exposure indicates the
formation of carboxyl groups on the PET surface because
TFE-derivatized reaction predominantly labels carboxyl groups
and hydroxyl groups have low reactivity toward TFE.

The effects of the rinse with water, to remove LMWOM,
on the surface chemical composition of the PET film 1 day or
1 week after the APP exposure was also examined by XPS.
The oxygen concentration on the APP-exposed PET surface
was significantly reduced by rinsing with water (Fig. 8A). The

Fig. 9 AFM images and obtained surface roughness parameters of PET films untreated (A) and exposed to APP (D07 mm) with air (B), N2 gas
(C), and Ar gas (D). The APP-exposed films are aged for 1 week and rinsed with water
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curve fitting results of C1s spectrum are summarized in
Fig. 8B. The increase in C–C and the decrease in O–C0O
were found by rinsing with water. Such XPS results were
consistent with the hydrophobic recovery due to dissolution
of LMWOM into water as shown in Fig. 4B. Unexpectedly,
no significant difference in chemical composition between 1-
day and 1-week aging was observed in Fig. 8. The volatile
oxidized species on the APP-exposed PET surface, which
cause hydrophobic recovery, might have evaporated during
the XPS measurements because the pressure inside the cham-
ber was maintained around 10−8 Pa [31].

Change in surface roughness due to plasma exposure

The AFM images of the PET film untreated and APP-
exposed (D07 mm) with air, N2 gas, and Ar gas are pre-
sented in Fig. 9. Considerable topographical change due to
the APP exposure was observed. The surface roughness
parameters of the PET film, which was obtained from the
AFM images, increased after the APP exposure, especially
with N2 gas. The roughness with inert Ar gas was not so
large as well-known knowledge [26]. Moreover, no signif-
icant increase in the surface roughness was observed when
the film was exposed to APP with Ar gas at D05 mm (data
are not shown). Therefore, in the present system, the direct
Ar plasma-surface reaction is not a main cause of the surface
modification as mentioned above.

The above change in surface roughness due to the APP
exposure cannot affect on the contact angle determined by
the Wilhelmy method, because it is a thermodynamically
significant Young contact angle at the three-phase contact
line [33].

Change in surface free energy due to plasma exposure

Figure 10 compares the Lifshitz-van der Waals component
and the Lewis acid and base parameters of the surface free

energy of the PET film untreated and exposed to APP (D0
7 mm) with air, N2 gas, and Ar gas. After the APP exposure,
a slight decrease in the Lifshitz–van der Waals component
and a drastic increase in the base parameter were found. The
order of magnitude in the base parameter of the APP-
exposed PET film with different gas sources was Ar<air<
N2, which was the same as that of the wettability under the
same experimental condition (water contact angles after
aging for 1 week and rinsing with water in Fig. 4). There-
fore, it was concluded that the increase in the base parameter
of the surface free energy due to the introduction of the
oxygen-containing surface functional groups by the APP
exposure resulted in the wettability increase of the PET film
surface.

Conclusions

The APP jet exposure with three different reactive gas sour-
ces: air, N2, and Ar, was applied to modify the PET film
surface. The advancing and receding contact angles of water
on the PET film decreased drastically after the APP exposure.
The advancing contact angle on the APP-exposed PETsurface
was found to increase again after aging in air or rinsing with
water. XPS results were consistent with the wettability
changes due to the APP exposure and the subsequent aging
and rinsing. The derivatization XPS showed that the carboxyl
groups produced on the PET surface after the APP exposure.
The topographical change in the PET surface due to APP
exposure was confirmed by AFM observation. The changes
in the wettability, the surface free energy, the surface chemical
composition, and the surface roughness due to the APP expo-
sure with three gas sources were in the following order: N2

gas > air > Ar gas.
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