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Abstract

Plasma treatments are common for increasing the surface energy of plastics, such as 

polypropylene (PP), to create improved adhesive properties. Despite the significant differences 

in plasma sources and plasma properties used, similar effects on the plastic film can be 

achieved, suggesting a common dominant plasma constituent and underpinning mechanism. 

However, many details of this process are still unknown. Here we present a study into the 

mechanisms underpinning surface energy increase of PP using atmospheric-pressure plasmas. 

For this we use the effluent of an atmospheric-pressure plasma jet (APPJ) since, unlike most 

plasma sources used for these treatments, there is no direct contact between the plasma and the 

PP surface; the APPJ provides a neutral, radical-rich environment without charged particles 

and electric fields impinging on the PP surface. The APPJ is a RF-driven plasma operating in 

helium gas with small admixtures of O2 (0–1%), where the effluent propagates through open 

air towards the PP surface. Despite the lack of charged particles and electric fields on the PP 

surface, measurements of contact angle show a decrease from 93.9° to 70.1° in 1.4 s and to 35° 

in 120 s, corresponding to a rapid increase in surface energy from 36.4 mN m−1 to 66.5 mN m−1  

in the short time of 1.4 s. These treatment effects are very similar to what is found in other 

devices, highlighting the importance of neutral radicals produced by the plasma. Furthermore, 

we find an optimum percentage of oxygen of 0.5% within the helium input gas, and a decrease 

of the treatment effect with distance between the APPJ and the PP surface. These observed 

effects are linked to two-photon absorption laser-induced fluorescence spectroscopy (TALIF) 

measurements of atomic oxygen density within the APPJ effluent which show similar trends, 

implying the importance of this radical in the surface treatment of PP. Analysis of the surface 

reveals a two stage mechanism for the production of polar bonds on the surface of the 

polymer: a fast reaction producing carboxylic acid, or a similar ketone, followed by a slower 

reaction that includes nitrogen from the atmosphere on the surface, producing amides from the 

ketones.

Keywords: APPJ, low-temperature plasma, adhesion, polypropylene, plasma effluent, surface 

modification, atomic oxygen
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1. Introduction

Polypropylene (PP) is a thermoplastic with good heat, fatigue, 

and chemical resistance. It also remains translucent while 

being semi-rigid. This makes it very useful in applications 

such as food containment, textiles, packaging, and surgical 

implants [1]. The drawback, for some manufacturers that wish 

to adhere inks or glues to the polymer surface, is that these 

polymers have low wettability. To combat this; the industries 

involved are operating non-thermal plasmas to improve the 

polymers surface properties and allow for better adhesion 

or biocompatibility [2, 3]. The plasma treatment only has an 

effect on the surface, and thus does not change the useful bulk 

properties of the material.

Over the years, many different plasma sources, oper-

ated under a range of conditions, have been used for surface 

modification of polymer films. Despite the significant dif-

ferences that exist between these plasma sources, and more 

importantly their plasma properties, similar treatment effects 

can be achieved in terms of change in wettability. It has been 

suggested that the reason why polymer films have such low 

adhesion is due to a lack of surface polar groups [4]. So the 

plasmas increase the surface energy by either breaking polar 

bonds and leaving polar end groups, or by adding polar groups 

to the surface. This is an established general concept, how-

ever, there has been very little work that has linked the prop-

erties of the plasma with surface energy changes. Therefore, 

details on how the plasma breaks and adds bonds on the 

poly mer surface are largely unknown, making optimisation of 

the plasma device an empirical and time-consuming process. 

Traditionally there have been low pressure treatments [5–8], 

but more recently there has been a focus on atmospheric 

pressure devices such as dielectric barrier discharge [9–12], 

coronal discharge [13], atmospheric glow discharge [14], or 

APPJs [15–20]. It is worth noting that all of this work has 

been done with devices where the plasma is in contact with 

the polymer surface. In this paper we aim to study the mech-

anisms underpinning the modification of PP surface using 

atmospheric-pressure plasmas. For this we reduce the com-

plexity of the plasma that is treating the sample by using the 

effluent of a cross-field APPJ device. Here, there is no direct 

contact between the active plasma and the PP surface. Only 

the neutral radical-rich effluent reaches the polymer, there are 

no charged particles or electric fields impinging on the sur-

face. We are therefore able to isolate effects on the PP sur-

face arising from radical species, excluding ion bombardment, 

charging and electric field effects.

2. Methods

2.1. Treatment of polypropylene films

The plasma device used in this investigation was an (APPJ) 

shown in figure  1. It consists of two stainless steel elec-

trodes and two quartz glass plates that form a 1 1 30× ×  mm 

channel. A mixture of helium at 1 standard litre per minute, 

and oxygen at varying admixture percentages from 0.2% 

up to 1%, flows down the channel. One of the electrodes is 

driven via a matching network with radio frequency voltage 

of 13.56 MHz. The other electrode is grounded and plasma 

is formed across the channel. It is worth noting that the elec-

tric field created between the electrodes is perpendicular to 

the gas flow, meaning there are no significant electric fields 

present in the effluent of the APPJ. When the plasma leaves 

the end of the device and enters into open air it recombines 

very close to the nozzle due to the highly collisional environ-

ment at atmospheric pressure and the cross-field arrangement 

of the driving electric field. This leaves only a neutral, radical 

rich effluent for the surface treatments. For our experiments 

the APPJ is mounted on three axis motorised stages (Zaber 

T-LSM050A), and is pointed vertically downwards towards 

a polymer sample causing the effluent to impinge on the sur-

face. Along with the O2 percentage, the distance between the 

exit of the APPJ and the sample surface was varied, as was 

treatment time. The input power from the generator was kept 

constant at 30 Wnet, though with losses through the matching 

network, the power dissipated in the plasma is much smaller, 

in the order of a few Watts.

The polymer films used throughout this investigation were 

PP with a thickness of 100 µm (Goodfellow Cambridge Ltd). 

A jig was constructed to hold the polymer beneath the APPJ 

for consistent location of treatment. For short treatment times 

(<2 s) the APPJ was scanned along the surface at a calculated 

constant speed using the aforementioned motorised axial 

stages.

The density of atomic oxygen in the APPJ effluent was 

measured using two-photon absorption laser-induced fluo-

rescence (TALIF) spectroscopy. The atomic oxygen TALIF 

scheme used for the measurements is discussed in detail by 

Niemi et al [21] In short, two UV-photons at 225.65 nm are 

simultaneously absorbed to excite oxygen atoms from the 2p4 

3P2 ground state into the 3p 3P1,2,0 excited state. This subse-

quently decays, partially through optical transitions to the 3s 
3S state by emitting a near-infrared photon at 844.87 nm as 

described by Niemi et al and Knake et al [22] The effective 

collisional-induced quenching rate is estimated using radia-

tive lifetimes and quenching coefficients from [21], assuming 

the feedstock gases are the sole quenching partners at 300 K. 

This provides estimates of relative ground state atomic oxygen 

density.

Figure 1. Schematic diagram of the (APPJ) used for this work.
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2.2. Surface characterisation

The surface modification was monitored using a contact 

angle analyser (Dyne Technology, Theta Lite) which mea-

sures changes in wettability through the static sessile drop 

method. It consists of a camera that looks across the treated 

surface, and a needled syringe that creates controlled volume 

droplets which are placed onto the surface from above. The 

camera records images of the droplet which are used to cal-

culate the contact angle between the liquid and the treated 

surface. Each recorded droplet consisted of 24 individual 

images which were individually analysed for their contact 

angles. An average result was obtained per droplet with the 

standard deviation. Each treatment was repeated and analysed 

a minimum of three times and weighted mean was calculated. 

The standard deviation of the mean is given as the error and 

is propagated through further calculations. Two liquids were 

used; deionised water, and diiodomethane (Sigma-Aldrich). 

The calculation of the surface energy was performed using the 

Owens–Wendt–Rabel–Kaelble (OWRK) method [23]. This 

method uses the difference between the polar and dispersive 

components of the two liquids. All liquids have a dispersive 

component, deionised water is a polar liquid and thus it also 

has available polar bonds. Diiodomethane is non-polar and 

thus has no available polar bonds. The dispersive component 

is mechanical and based around the van der Waals force. The 

polar component is chemical and reveals polar end bonds 

available for the liquid on the surface. This allows us to char-

acterise whether the changes in contact angle being seen are 

due to a mechanical roughening, or a molecular scale chem-

ical reaction on the surface.

To analyse the chemistry on the surface attenuated total 

reflectance–fourier transform infrared spectroscopy (ATR–

FTIR, Thermo Scientific Nicolet iS50) was used. The sample 

is mounted on a diamond holder and a beam of IR light is 

totally internally reflected within the crystal. An evanescent 

wave extends beyond the interface and into the sample and is 

attenuated by regions that absorb the energy of the wave. This 

is then passed into the internally reflected beam and on to an 

IR spectrometer for analysis.

3. Results

3.1. APPJ operational parameter variations

In order to investigate the underpinning physics of the APPJ 

treatment of a PP surface, we measured contact angle while 

varying three operational parameters of the APPJ, oxygen 

admixture, treatment time, and distance.

When varying the oxygen admixture in the feed gas the 

APPJ was placed at 15 mm above the sample surface. Figure 2 

shows the measured contact angle after the treatment for 

various oxygen admixtures. For all admixtures there is a sig-

nificant reduction in contact angle compared to the untreated 

PP, which has a contact angle of 93.9°. Despite the fact that 

our plasma jet only provides neutral radicals and no charged 

particles or electric fields, we observe changes in contact 

angle from 93.9° to 51.9° in 30 s. This is similar to other 

APPJ treatments such as the 52.0° achieved by Kostov [16]. 

Nevertheless, there is a clear difference in the treatment effect 

with the largest change in contact angle, after 30 s of treatment 

time, with 0.5% oxygen. Increasing the oxygen percentage 

above 0.5% leads to a reduced effect of the treatment.

Figure 3 shows the measured contact angle as a function 

of treatment time while keeping the distance and oxygen 

percent age constant. It is clear that there is a very rapid 

decrease in contact angle during the first 10 s, with a further, 

much slower reduction in contact angle between 20 and 120 s. 

The decreasing trend suggests that a further reduction can be 

expected for treatment times beyond 120 s. To investigate the 

initial, sharp decrease in contact angle further, we performed 

plasma treatments between 0.2 and 2 s as shown in figure 4. 

Here we observe a very fast drop in contact angle from 93.9° 

to 70.1° in only 1.5 s. This means 40% of the total contact 

angle reduction happens in the first 1.5 s. It seems that there 

are two processes at play that both result in a reduction of 

contact angle. One is fast, reaching its maximum effect after 

1.5 s, while the second is much slower but continues for at 

least 120 s.

The final operational parameter that was investigated was 

the distance between the nozzle of the APPJ and the surface 

of the PP film. The O2 admixture was kept at the optimum of 

0.5%, while for various distances we recorded the treatment 

effect as function of time. The results are shown in figure 5. 

For short distances, 3–15 mm, we again observe a two-stage 

decrease in contact angle, a rapid decrease  <10 s and a more 

gradual, continuing decrease 20–120 s. For larger distances 30 

and 50 mm, there appears to only be the slow, gradual decrease. 

It is interesting to note that all distances below 15 mm have 

a very similar effect for each treatment time while for dis-

tances larger than 15 mm there is a clear decrease in effect for 

increasing distance at any given treatment time.

Figure 2. Contact angle changes as a function of percentage of O2 
admixture in the feed gas after 30 s of treatment time. The untreated 
PP was measured to have a contact angle of 93.9°.

Plasma Sources Sci. Technol. 25 (2016) 065018
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3.2. Surface energy

Using the aforementioned OWRK method it is possible to 

use contact angle measurements to calculate surface energy 

and split it into its two component parts. Taking contact angle 

measurements for the original 0.5% O2 admixture with diio-

domethane showed a similar drop in contact angle with treat-

ment time to that of water. However, when the OWRK method 

is used, the polar and dispersive elements of the surface energy 

of the PP are revealed. These results are shown in figure 6. 

There is a total increase in surface energy that matches the 

drop in contact angle previously shown in figure 3. The dis-

persive component appears invariant in time, with a value of 

around 30 mN m−1, whereas the polar component shows an 

increase in energy from 10 mN m−1 to 55 mN m−1 after 30 s 

of treatment.

3.3. Surface analysis

The ATR–FTIR measurements of the surface showed an 

area of interest between wavenumbers 1500 and 1900 cm−1 

shown in figure 7. These could be absorption of water, how-

ever there is no corresponding peak in the data between 3000 

and 4000 wavenumbers making this unlikely. Thus this area 

shows carbonyl stretching bands being formed on the sur-

face of the PP. The increase in absorption with treatment time 

is due to a carbon oxygen double bond (C=O), the details 

of which depend on the exact location of the dip [24]. The 

large dip on the 2 min treatment time at about 1720 cm−1, 

that does not exist in the untreated spectrum, could be due to 

one of two possibilities. Either it is carboxylic acid (RC(=O)

OH), or it is another similar ketone (an organic compound  

Figure 3. Contact angle changes with APPJ treatment time for PP 
with 0.5% O2 in the feed gas and a distance of 15 mm.

Figure 4. Contact angle changes with short APPJ treatment time 
for PP with 0.5% O2 in the feed gas and a distance of 15 mm 
between the APPJ and the PP surface.

Figure 5. Contact angle changes with APPJ treatment time and 
distance. Errors are not included for clarity but are similar to those 
presented in previous figures.

Figure 6. Surface energy of PP treated with an APPJ at 15 mm with 
30 Wnet power and 0.5% O2 admixture in the He feed gas. Errors 
are shown only for the total surface energy for clarity as they are 
propogated from original measurements.

Plasma Sources Sci. Technol. 25 (2016) 065018
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with a structure RC(=O)R′) [25]. The dip around 1650 cm−1 

can be attributed to conjugated ketones, which are similar to 

regular ketones apart from the alternating double and single 

bonds that allow for more freedom of movement of electrons. 

Another dip grows through treatment at 1670 cm−1 which is 

most likely an increase in the amide functional group. Amides 

can be produced from carboxylic acids, but do involve the 

inclusion of a nitrogen atom [26]. It is important to note, 

for comparison between this atmospheric method and low-

pressure methods, that the increase in the amide functional 

group can only be achieved with the inclusion of nitrogen. 

This has only been possible in this work due to the nitrogen 

in the atmosphere.

3.4. Surface modification pathways

From these measurements we attempt to obtain insight into 

the reaction pathways of the surface modification. The FTIR 

measurements show the well-known and well understood 

signs of oxidation of the PP, this suggests oxygen species from 

the plasma are dominant in observed modifications. However, 

the plasma chemistry of APPJs is well characterised and there 

are several reactive oxygen species produced, e.g. atomic 

oxygen, singlet delta oxygen, and ozone. We performed 

TALIF experiments to measure the atomic oxygen densities 

at the exit of the APPJ as a function of oxygen admixture. The 

results in figure 8 show a strong correlation with the observed 

changes in contact angle. i.e. a maximum treatment effect at 

0.5% oxygen, when the concentration of O is maximum. The 

TALIF measurements agree with the O density measurements 

done by Knake [22]. Other reactive oxygen species have been 

measured in the same device. Sousa et  al measured singlet 

delta oxygen [27], and Ellerweg et  al ozone [28]. Singlet 

delta oxygen was shown to decrease with increasing oxygen 

admixture between 0.1% and 0.7%, and ozone was shown to 

increase over the same range. Furthermore, it is known that 

the density of atomic oxygen decreases exponentially with 

increased distance from the APPJ nozzle [21, 22], whereas 

ozone is a long-lived radical species. All of this suggests a 

direct link between the production of atomic oxygen in the 

APPJ and the observed modification of the PP surface.

The results in figure 5 suggest that the observed fast change 

in contact angle is dependent on the number of reactive spe-

cies at the PP surface, i.e. for large distances, the radical den-

sity is lower and therefore the observed effect is less. The slow 

change that is observed for all distances appears to depend on 

flux to the surface. The same change in contact angle can be 

achieved for larger distances (smaller radical concentrations) 

by increasing the treatment time, resulting in similar fluxes. 

The pathways linked to the two observed surface processes 

can be explained with the FTIR measurements. The initial 

reaction shows production of carboxylic acid, or a similar 

ketone, and some conjugated ketones. The pathways of which 

are well understood [29]. This is a fast reaction that takes 

depends highly on the density of the atomic oxygen reaching 

the surface. The slow reaction is in part due to the inclusion of 

the nitrogen in the atmosphere which produces amides from 

the ketones created by the atomic oxygen. In addition ozone 

could also be involved within the slow reaction at the longer 

distances. It is clear that in both the fast and slow processes 

atomic oxygen from the APPJ plays a key role.

4. Conclusion

Using the radical-only effluent of an APPJ we were able 

to induce rapid and large increases in surface energy of PP 

films; a decrease in contact angle from 93.9° to 70.1° in 1.4 s 

and to 35° in 120 s, corresponding to an increase in surface 

energy from 36.4 mN m−1 to 66.5 mN m−1 in 1.4 s. These 

treatment effects are similar in scale to what is achieved 

with other devices, highlighting the importance of neutral 

radicals in plasma-induced PP modification. Further invest-

igations using TALIF identify atomic oxygen as the dominant 

radical in these treatments. Unlike other radicals such as sin-

glet delta oxygen and ozone, the measured O densities as a 

function of oxygen admixture match the observed changes in 

Figure 7. ATR–FTIR spectrum of PP before and after treatment at 
15 mm, 0.5% O2 in the He feed gas, and an input power of 30 Wnet.

Figure 8. TALIF measurement of the relative densities of atomic 
oxygen in the effluent of the APPJ as a function of O2 percentage in 
the input gas.

Plasma Sources Sci. Technol. 25 (2016) 065018



D Shaw et al

6

surface energy. Finally, FTIR surface analysis reveals a two 

stage mechanism for the production of polar bonds on the PP 

surface: a fast reaction producing carboxylic acid, or a sim-

ilar ketone. Followed by a slower reaction which is likely to 

be a combination of ozone producing ketones, and nitrogen 

forming amides from the ketones.
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