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We compare two surface treatments of biaxially-oriented polypropylene (BOPP), which
are carried out in the same dielectric barrier discharge (DBD) apparatus, namely air
corona, and N2 atmospheric pressure glow discharge (APGD). Changes in the sur-
face energy and chemistry are investigated by contact angle measurements, by X-ray
photoelectron spectroscopy (XPS) and by attenuated total reflectance infrared spec-
troscopy (ATR-FTIR). It is shown that N2 APGD treatment leads to a higher sur-
face energy than air corona treatment, and to the formation of mostly amine, amide,
and hydroxyl functional groups at the polypropylene surface. Finally, hydrophobic
recovery of the treated film is studied; for both treatment types, the increased sur-
face energy is found to decay in a similar manner with increasing storage time after
treatment.

KEY WORDS: Polypropylene; atmospheric pressure glow discharge; nitrogen; surface
energy; surface chemistry; hydrophobic recovery.

1. INTRODUCTION

Modifying polymer surfaces by plasmas is of great industrial relevance [1].
However, most of the methods currently used have significant disadvantages. In-
line corona treatment in air, for instance, permits a limited surface oxidation
chemistry. Moreover, the extent of achievable surface modifications is limited,
since bond scission rapidly sets in during oxidation, which results in the formation
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of so-called “low molecular weight oxidized materials” (LMWOM) [2]. Finally,
corona, being a filamentary discharge, leads to an inhomogeneous treatment on
the microscopic scale. On the other hand, low-pressure plasma treatment requires
expensive vacuum systems and batch processing.

Keeping in mind these considerations, it appears that a possible compro-
mise solution can be provided by so-called atmospheric pressure glow discharge
(APGD) processes, the focus of this article. Numerous recent reports have con-
firmed that a “glow” (nonfilamentary) discharge can be obtained at atmospheric
pressure in helium and in nitrogen [3–10]. This type of discharge is generally
created between two parallel plane electrodes at high voltage and at frequencies
in the multi-kilohertz range. The configuration used is that of a dielectric barrier
discharge (DBD); that is, at least one of the electrodes is covered with a dielectric,
as in the case of corona systems.

It has been shown that the “APGD” regime reverts to a filamentary dis-
charge if a certain concentration of impurities in the gas is exceeded [11]. In
the case of N2 APGD, this concentration was determined to be around 500 ppm
for oxygen and around 2500 ppm for hydrogen. It has been proposed by Massines
and coworkers [12] that these impurities quench N2 metastables; a high concen-
tration of these metastables is required to obtain the glow discharge state in-
stead of the usual streamer breakdown at atmospheric pressure. Indeed, these
long-lived excited species provide seed electrons via Penning ionization between
half-cycles of the applied voltage, thereby allowing the gas to break down un-
der a low electric field. It is therefore necessary to carefully control the com-
position of the gas fed into the discharge. Thus, several authors have studied
the discharge behavior in closed vessels that could be evacuated prior to the ex-
periments [5–15]. For instance, using this kind of setup, Massineset al. have
studied the treatment of polypropylene (PP) in a helium APGD [13] and, more
recently, in a N2 APGD [14,15]. However, from an industrial point of view, the
operation of evacuating the system prior to introducing the process gas does not
have a practical and economical advantage over the use of low-pressure plasma
systems.

In the present article, we first describe a system for continuous APGD treat-
ment of polymer films that does not require prior evacuation. We then present the
results of a systematic study on nitrogen APGD treatment of biaxially-oriented
polypropylene (BOPP) in our pilot-scale DBD facility. Changes in the surface en-
ergy and in the surface chemistry are examined as a function of the energy dose
(in J/cm2) of treatment. The results are compared with those obtained by air corona,
using the same DBD apparatus. Finally, the aging of the treated material, also
called hydrophobic recovery, is investigated and compared for the two types of
DBD treatments. This effect, which is observed as a decrease of the surface energy
towards the initial value of the untreated polymer, is well known to occur during
prolonged storage of corona treated BOPP [16].
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2. EXPERIMENTAL

2.1. The Polymer

The polymer used in this study is a melt-extruded, biaxially oriented
polypropylene film (BOPP) obtained from the 3M Company. It is isotactic and
50µm thick. The homopolymer resin used to make this film is characterized by
a melting point of 163◦C, a weight-average molecular weight of 3.6×105, and a
polydispersity index of 4.0. This base resin contains about 200 ppm of an inor-
ganic acid scavenger and about 1000 ppm of a high molecular weight hindered
phenolic antioxidant. XPS and ToF-SIMS measurements revealed no oxygen and
no signal from the antioxidant on the untreated film surface. Using the method of
Owens and Kaelble [17], the total surface energy of the untreated film was found
to be 27± 1 dynes/cm. The very same material has previously been used by other
authors for a study of the effect of flame [18] treatments.

2.2. DBD Plasma Treatments

The DBD experimental setup, which has been used for both N2 APGD and
air corona treatments, is presented schematically in Fig. 1A, while a photographic
image of part of the system is shown in Fig. 1B. It consists of a 24× 29 cm
grounded (aluminum) plate electrode that can be moved at precisely controlled
speed under a cylindrical (1.5 cm diameter), dielectric-coated high-voltage elec-
trode. The polymer film to be treated is placed on the top surface of the grounded
electrode. The inter-electrode gas gap is precisely fixed (1 mm for this study) with
the help of two micrometer-screws, one at either extremity of the cylindrical elec-
trode. Two dielectrics have been used here: the grounded electrode was covered
with a 2 mmthin borosilicate glass plate (on which the polymer reposed), while
the high-voltage electrode was covered with a 0.36 mm plasma-sprayed layer of
Al2O3 + 13% TiO2 [11]. The system is housed in an airtight Plexiglas enclosure,
which is flushed with a 9 slm flow of the desired treatment gas (dry air for corona,
and Air Liquide UHP-grade nitrogen for APGD). The enclosure is slightly pumped
to avoid over-pressure. As previously mentioned, to prevent the transition to a fil-
amentary discharge in the case of N2 APGD treatments, it is necessary to assure
a very low level of impurities in the discharge treatment zone, both from the feed
gas and from a possible build-up of volatile products from the discharge-treated
surface. In our case, considering the volume of the enclosure (∼70 1), high nitrogen
flow rates (i.e.,>>9 slm) or very long purge times would be required to obtain
this purity level. For that reason, we have built and implemented a gas diffuser,
which supplies only that region of the system where the discharge is generated;
the diffuser can be seen on the photograph, Fig. 1B. Supplying this diffuser with
a 9 slm flow of nitrogen, it is possible to obtain the APGD without purging the
entire enclosure. Nevertheless, to make sure that the treatment conditions were
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(A)

(B)
Fig. 1. (A) Schematic view; and (B) photograph of the DBD treatment apparatus.

kept as constant as possible, the enclosure was flushed for 15 min. with the 9 slm
flow of the desired treatment gas before each treatment. In the case of N2 APGD
treatments, the gas flow was then directed into the diffuser (just before the ignition
of the discharge).
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For each treatment, the energy density,Ed, has been calculated using the
following formula:

Ed = Vrms · Irms · cosφ

w · s (J/cm2)

where (Vrms · Irms · cosφ) is the electrical power dissipated in the gas (inW),
w is the width of the discharge zone (24 cm), ands is the effective speed of the
moving electrode (cm/s). In turn,s= l /t , wherel is the “length” of the discharge
zone (∼1 cm) andt is the residence time (typically varied between 0.25 and 60 s).
Vrms is calculated from the value measured at the transformer using a high voltage
resistive probe (Tektronix, model P6015A), while the discharge current (typically
1 mA), Irms, is measured with the aid of a 50 Ohm resistor.Vrms across the flowing
gas gap is typically 3.7 kV. It is important to mention that we report here “apparent”
values ofEd; further studies would be required to obtain the “real” values. Nev-
ertheless, we are confident that theEd values we report are reliable, and they are
quite compatible with those encountered in the literature. In this study, a single
discharge frequency,f = 1 kHz, has been used for corona treatments. For N2

APGD treatments, the frequency was varied from 1 to 6 kHz in order to determine
whether this parameter influences the surface energy of the treated samples.

To establish whether the discharge is of the glow (APGD) or the filamentary
type, the method previously described by Mirala¨ı et al. [11] has been used: it
consists of simultaneously measuring the discharge current waveform and the
photomultiplier signal of light emitted from the gap. In the case of APGD, the
latter signal is smooth within the noise level of the detection system, without
the short (∼100 ns) impulses which are characteristic for filamentary discharges.
The photomultiplier signal that we have observed for N2 APGD in our system,
not shown here for lack of space, corresponds to the one presented in Fig. 5b of
ref. [11]. Similarly, for this type of discharge, the current waveform shows only
one broad peak per half cycle of the applied voltage.

2.3. Surface Analysis

After each treatment, the polymer was analyzed by XPS (less than 5 hrs after
the treatment) and by contact angle goniometry with several probe-liquids, using
the method of Owens and Kaelble [17] (typically, within 30 min. after the treat-
ment). This latter method allowed us to determine the polar and dispersive compo-
nents of the polymer surface energy (see Section 3), the liquids used being water,
glycerol, formamide, ethylene glycol, and tricresyl phosphate. The treated samples
that were kept for aging studies were stored at room temperature under a constant
relative humidity of∼50% RH. XPS analyses were performed in a VG ESCALAB
3MkII system, using nonmonochromatic Mg Kα radiation. Spectra were acquired
at a take-off angle normal to the sample surface, and the binding energies were
referenced to the carbon (C1s) peak at 285.0 eV, to adjust for possible charg-
ing effects. Some samples treated at high values ofEd were also analyzed by
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Fourier-transform infrared spectroscopy (FTIR), using the attenuated total re-
flectance (ATR) technique at 45◦ incidence, with the help of a germanium crystal
(a 45◦-facet angle, 50× 20× 2 mm Single Pass Trapezoid Plate, from Harrick
Scientific Corporation). The infrared spectrometer used in this study is a Bio-Rad
FTS-3000 Excalibur Series instrument equipped with a DTGS detector. Finally,
the surface topography of untreated and BDB plasma treated BOPP samples have
been examined by AFM, using a Digital Instruments “Dimension 3100” scanning
probe microscope operated in the so-called tapping mode. Etched silicon cantilever
probes having a radius of curvature between 5 and 10 nm and a resonant frequency
of about 217 kHz have been used. The scan rate for all images was 1 Hz.

3. RESULTS AND DISCUSSION

3.1. Surface Energy

For the case of nitrogen APGD treatments, the evolution of the total surface
energy, (γ tot

s ), and its polar (γ pol
s ) and dispersive (γ disp

s ) components are plotted in
Fig. 2A versus energy density of the treatment (“dose”),Ed; Fig. 2B shows a similar
plot following corona treatments in air. The total surface energy is simply the sum
of the polar and dispersive components [17]. In Fig. 2A,γ tot

s is seen to increase with
increasingEd, and it appears to saturate at 57 dynes/cm (or mN/m, the equivalent
SI unit), for Ed ≥ 2.5 J/cm2. In the case of corona treatments (Fig. 2B),γ tot

s
again increases with increasingEd, but it now saturates near 40 dynes/cm, for an
applied dose (Ed) below 0.1 J/cm2. It is, therefore, possible to affirm that nitrogen
APGD can lead to a higher degree of surface activation than air corona, butγ tot

s at
saturation appears to require a much higher dose. It is worth noting that for both
treatment types, the observed increase inγ tot

s appears to be entirely due to changes
in the polar component,γ pol

s . These changes mostly result from the creation of
polar chemical groups during the treatment, as is shown later (Section 3.2).

Massines and coworkers also reported that nitrogen APGD treatments could
lead to higher surface energies than air corona treatments [14,15]; they also found
a maximumγs value around 60 dynes/cm forN2 APGD treated BOPP, consistent
with the present data. However, since they did not report measurements ofEd,
further comparison of our data with theirs is not possible.

To determine the possible influence of discharge excitation frequency on the
efficiency of the N2 APGD treatments, we have compared the surface energies
of samples treated at three different frequencies (f = 1, 4 and 6 kHz). Figure 3
shows the corresponding plot ofγ tot

s versusEd; considering the experimental
uncertainties in determining these two parameters, it would appear that the three
data sets fall on the same master curve. In other words, for any givenEd value,
changing the treatment frequency between 1 and 6 kHz seems to have no influence
on the resulting value ofγ tot

s .
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Fig. 2. Effect of the treatment dose,Ed (energy density), upon the measured
BOPP surface energies,γ . (A) Nitrogen APGD; (B) Air corona treatments.•: γ tot

s ,H: γ disp
s ,¥: γ pol

s . For both treatments,f = 1 kHz.

3.2. Surface Chemistry

The surface energy changes after treatments can now be correlated with the
modified surface chemistries. In Fig. 4, the evolution of the oxygen ([O]) and
nitrogen ([N]) surface concentrations are shown plotted versusEd for the cases of
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Fig. 3. Effect of the N2 APGD treatment energy dose (Ed) on the measured
BOPP surface energy (γ tot

s ) for different excitation frequencies.¥: f = 1 kHz,
∗: f = 4 kHz andN: f = 6 kHz.
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Fig. 4. Surface concentrations of oxygen ([O]) and nitrogen ([N]), plotted as
a function of the corona and N2 APGD energy densities (Ed).¥: [O] after air
corona;N: [N] and•: [O] after N2 APGD. For both treatments,f = 1 kHz.
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air corona and nitrogen APGD, where the relative atomic percentages, [O] and [N],
have been determined by XPS. Only oxygen is chemically incorporated into the
polymer surface after air corona treatments, while in the case of N2 APGD, both
bonded nitrogen and oxygen are encountered. The presence of oxygen in the latter
case can be due to post-treatment reactions occurring when the sample is exposed
to ambient atmosphere; at this time long-lived free radicals or unstable functional
groups near the surface can react with molecular oxygen or water vapor [19].
For the nitrogen APGD case, the increases in [N] and [O] values are seen to correlate
well with the observed increase inγ tot

s , comparing Figs. 2A and 4. However,
this is not the case for corona treatments, where [O] continues to increase with
increasingEd (Fig. 4), whileγ tot

s has already attained a saturation limit. This can
be explained by the fact that dry air corona treatment of polypropylene readily
produces LMWOM for dose values exceeding 0.05 J/cm2 [2]. At the relatively
high Ed values used here, we are thus simply growing a layer of LMWOM, which
influences the XPS results (sampling depth∼5 nm), while only slightly changing
γ tot

s (contact angle measurements are sensitive to the first atomic layers). The
question of a possible energy dose threshold for LMWOM production in nitrogen
APGD is presently under examination.

In a second part of this work, the surface chemistry of the APGD-treated
polypropylene has been investigated by the combined use of high-resolution XPS
and ATR-FTIR. The aim of this qualitative study has been to identify the principal
chemical functional groups introduced at the BOPP surface by the treatment.

3.2.1. High-Resolution XPS

The C1s XPS spectrum of a nitrogen APGD-treated BOPP sample (Ed =
2.8 J/cm2) is presented in Fig. 5. The results of the C1s, O1s, and N1s peak
deconvolutions and their assignments are summarized in Table I. From the

Table I. High Resolution XPS C1s, O1s and N1s Peak Deconvolutions and Their
Assignments for N2 APGD-Treated Polypropylene,Ed = 2.83 J/cm2

Peak Center (eV) 1B ·E · (eV) Assignment % Area

C1s 1 −285.0 0 C—H, C—C 68.54
2 −285.9 0.9 C—N, C—O 15.18
3 −286.7 1.7 C------------N 2.13
4 −287.6 2.6 N—C=O, C=O 8.78
5 −288.9 3.9 N—C—N, O—C=O 5.38

O
O1s 1 −531.5 — N—C=O 59.68

2 −532.7 — C—O, C=O 40.32

N1s 1 −399.2 — C—N 45.66
2 −400.5 — N—C=O, C=N, C------------N 54.34
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Fig. 5. Deconvoluted XPS C1s peak of N2 APGD-treated BOPP, following a
treatment dose ofEd = 2.8 J/cm2 ( f = 1 kHz).

high-resolution XPS analysis, we can conclude that the treated BOPP surface
contains carbon atoms that are singly- or doubly-bonded to oxygen, and carbon
atoms that are mostly singly- (but some multiply-) bonded to nitrogen [20]. Finally,
amide groups (N—C=O) may also be present. We can exclude the appreciable
presence of nitro (C—NO2), oxime (C=NOH) and nitrate (C—ONO2) groups,
since no major shift is observed in the N1s peak. For more specific identification of
chemical functional groups, we have compared this XPS analysis with the infrared
spectroscopy results, given next.

3.2.2. Attenuated Total Reflectance FT-IR

The ATR-FTIR spectrum of a virgin BOPP sample is presented in Fig. 6.
The peaks between 2950 and 2800 cm−1 correspond to the various aliphatic CH
stretching modes. The peaks near 1450 cm−1 and 1380 cm−1 are the CH2 and
the CH3 deformation bands, respectively. The other peaks below 1300 cm−1 are
the well-known “fingerprint” of isotactic PP. Since the depth of analysis of the
present ATR technique (∼0.5 µm) is large compared with the estimated depth
of plasma treatment effects (a few tens of nm) [21], the infrared signal coming
from the modified chemical groups at the surface is small. It is thus essential to
subtract the spectrum of the untreated sample from the spectrum of the treated one
to clearly observe the chemical changes caused by the treatment. The difference
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Fig. 6. ATR-FTIR spectrum of an untreated BOPP sample (200 spectra
co-added, resolution of 4 cm−1).

spectrum of a 4.3 J/cm2 N2 APGD-treated BOPP sample is depicted in Fig. 7A,
in which arrows mark the positions of new peaks. For comparison, the difference
spectrum of a 1.3 J/cm2 air corona-treated BOPP sample is shown in Fig. 7B.
The most plausible peak assignments are summarized in Table II, whereby we
have excluded certain chemical groups, based on the results of the foregoing high-
resolution XPS analyses.

The carbonyl (C=O stretch) IR band is intense in the case of oxidized polymer
surfaces, as can be seen from Fig. 7B; it possibly comprises carboxylic acid (be-
tween 1710 and 1690 cm−1), ketone (between 1720 and 1700 cm−1), ester (between

Table II. Assignments of the New Infrared Absorbance Bands Observed in the Difference Spectra
of 4.3 J/cm2 N2 APGD-Treated and 1.3 J/cm2 Air Corona-Treated BOPP Samples

Wavenumber (cm−1) Assignment

N2APGD 3250 OH, NH stretch
2180 N------------C stretch
1650 C=C stretch, C=N stretch, C=O stretch in amides,

NH2 deformation in primary amines
1550 NH2 and NH deformations in amides

Air corona 3300 Hydroxyl and carboxyl OH stretch
1735 C=O stretch (carboxylic acids, ketones, esters and

aldehydes)
1637 C=C stretch
1280 C—O—C stretch
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Fig. 7. (A) ATR-FTIR difference spectrum of a N2 APGD-treated BOPP
sample (Ed = 4.3 J/cm2, f = 1 kHz); (B) ATR-FTIR difference spectrum of
an air corona-treated BOPP sample (Ed = 1.3 J/cm2, f = 1 kHz). For both
spectra: 200 spectra co-added, resolution of 4 cm−1.

1750 and 1740 cm−1) and aldehyde (between 1740 and 1720 cm−1) C=O stretch-
ing bands. These are either absent, or in low concentration in the N2 APGD sample.

From the two complementary surface-analytical studies presented (see
Tables I and II), we conclude that amines, amides and hydroxyls are the principal
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chemical functional groups present at the BOPP surface after nitrogen APGD
treatment. Other unsaturated species such as C=C, C N and C=N may well also
be formed, but this requires further confirmation. A more precise identification
of these functional groups and further information concerning their relative con-
centrations will require the use of chemical derivatization schemes and of time of
flight secondary ion mass spectrometry (ToF-SIMS). This work, now in progress,
will be reported at a later date.

3.3. Aging

The surface energy,γ tot
s , of both air corona and N2 APGD treated BOPP

samples has been monitored during a storage period of up to more than three
months. Results are shown plotted in Figs. 8A and 8B for air corona and
N2 APGD, respectively. For both treatment types,γ tot

s values are seen to decrease
rapidly during the first week of storage, apparently independent of the initialγ tot

s
value, which is measured immediately after treatment. This feature is more evident
in the case of N2 APGD-treated samples (Fig. 8B). After this initial drop by about
5 to 7 dynes/cm,γ tot

s values are seen to be fairly stable, diminishing by at most
another 3 dynes/cm after more than 3 months. Comparing Figs. 8A and 8B, it
appears that the aging kinetics are quite similar after the two different treatment
types, but it is noteworthy thatγ tot

s of all aged N2 APGD-treated BOPP samples
exceeds the value for the most strongly corona-treated ones (γ tot

s ∼ 40 dynes/cm).
The described “hydrophobic recovery” of plasma-treated polymer surfaces

can be attributed to several factors, for example, inward-diffusion, agglomeration
or sublimation of LMWOM species; the reorientation or “reptation” of polymer
chains, whereby covalently bonded polar groups become “buried” beneath the
outer surface; and migration of additives from the bulk towards the surface [16].
In the present case, the additive concentration in the PP resin is low; as shown by
Strobel and coworkers [2], these additives do not seem to be surface-active. We
therefore suggest that the aging phenomena observed here must be mostly due to
a combination of the first two mechanisms, namely changes in LMWOM at the
surface, and chain reorientation. Further studies are now in progress to determine
their relative importance following treatments by air corona and by N2 APGD.
Nevertheless, we suspect that LMWOM, which are presumably more mobile than
polymer chains, play an important role.

Several authors have observed LMWOM species to agglomerate as globu-
lar features at the surface of air corona treated BOPP [2,22–24]. Using capillary
electrophoresis, Foulon-Belkacemi and coworkers [24] found that the main con-
stituents of these “nodules” were indeed low-weight oxidized products such as
organic acids, containing one or two carboxylic acid groups and sometimes also a
hydroxy- or a vinyl function. Using atomic force microscopy (AFM), we were also
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Fig. 8. Surface energy,γ tot
s , of BOPP as a function of storage duration,1t,

after (A) air corona; and (B) N2 APGD treatments, both for differentEd values.

able to observe these nodules. This is shown in Figs. 9A–C, where the surface to-
pographies of untreated, 0.4 J/cm2 corona treated and 1.7 J/cm2 N2 APGD treated
BOPP are compared, respectively. Compared with the virgin BOPP (Fig. 9A),
both treatments are seen to have given rise to globular features (Figs 9B and 9C).
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(A)

(B)

Fig. 9. AFM images of BOPP surfaces: (A) untreated; (B) air corona treated (Ed = 0.4 J/cm2,
f = 1 kHz); (C) N2 APGD treated (Ed = 1.7 J/cm2, f = 1 kHz). For each image, the vertical
scale unit is 150 nm.
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(C)

Fig. 9. Continued.

However, those following N2 APGD treatment (Fig. 9C) are seen to be much
smaller than their air corona counterparts (which have diameters between 50 and
100 nm, Fig. 9B), even though theEd value was four times higher in the N2 APGD
case. The latter treatment type thus seems to produce substantially less LMWOM
than air corona, at least for the case of BOPP. For each sample, at least five AFM
images were taken randomly across the entire surface in order to assure that those
presented here are indeed representative. More detailed AFM studies are now in
progress.

4. CONCLUSIONS

We have demonstrated the possibility to treat polymer films in a continuous
mode by nitrogen APGD in a DBD system that does not require prior evacuation.
Although they call for higherEd values, N2 APGD treatments can raiseγ tot

s of
BOPP to significantly higher values than those obtained with air corona treatments.
The process thus appears to be industrially applicable and advantageous. However,
we have shown that N2 APGD-treated BOPP also suffers from the well-known
“hydrophobic recovery” phenomenon. Finally, we have determined, by combined
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high-resolution XPS and ATR-FTIR, that the principal chemical functional groups
created on BOPP during N2 APGD treatments are amines, amides and hydroxyls,
other C=O containing groups being at negligible concentrations.
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